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Correlation  of  Biaxial  Strains,  Bound  Exciton  Energies, 
and  Defect  Microstructures  in  GaN  Films  Grown 
on  AIN/6H-SiC(0001)  Substrates 

WILLIAM  G.  PERRY,  T.  ZHELEVA,  M.D.  BREMSER,  and  R.F.  DAVIS 

Department  of  Materials  Science,  North  Carolina  State  University,  Raleigh, 
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W.  SHAN  and  J.J.  SONG 
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Biaxial  strains  resulting  from  mismatches  in  thermal  expansion  coefficients  and 
lattice  parameters  in  22  GaN  films  grown  on  AIN  buffer  layers  previously 
deposited  on  vicinal  and  on-axis  6H-SiC(0001)  substrates  were  measured  via 
changes  in  the  c-axis  lattice  parameter.  A  Poisson's  ratio  of  v  =  0.18  was 
,  calculated.  The  bound  exciton  energy  (EK)  was  a  linear  function  of  these  strains. 
The  shift  in  EBX  with  film  stress  was  23  meV/GPa.  Threading  dislocations 
densities  of  ~1010/cm2  and  ~108/cm2  were  determined  for  GaN  films  grown  on 
vicinal  and  on-axis  SiC,  respectively.  A  0.9%  residual  compressive  strain  at  the 
GaN/AIN  interface  was  observed  by  high  resolution  transmission  electron 
microscopy  (HRTEM). 

Key  words:  Biaxial  strain,  donor  bound  excitons,  galhum  nitride  (GaN), 
organometallic  vapor  phase  epitaxy  (OMVPE), 
photoluminescence  (PL),  Poisson's  ratio,  transmission 
electron  microscopy  (TEM),  x-ray  diffraction 


INTRODUCTION 

Mismatches  in  the  lattice  parameters  (a  and  c)  and 
the  coefficients  of  thermal  expansion  (a)  exist  be¬ 
tween  heteroepitaxial  GaN  films  and  all  of  the  pres¬ 
ently  used  substrates.  These  mismatches  result  in 
interfacial  biaxial  strain  which  leads  to  misfit  disloca¬ 
tions  and  associated  threading  defects  that  degrade 
film  quality.  Measurement  and  analysis  of  these 
strains  have  been  the  goals  of  the  research  reported 
herein. 

The  most  common  substrate  used  for  GaN  film 
growth  is  sapphire  (0001).  Buffer  layers  of  AIN  and 
GaN  have  been  used  to  improve  GaN  film  quality, 
although  significant  mismatches  in  the  lattice  pa¬ 
rameters  between  these  layers  and  sapphire  exist 
(Aa/ao  «  13.6  and  16.1%,  respectively,  [see  Table  I]). 
The  resulting  lattice  mismatch  strain  is  compressive 
for  both  GaN  on  AIN  and  GaN  on  sapphire  and  alters 
the  values  of  both  a  (decreases)  and  c  (increases)  of  the 
films.1*2  Hiramatsu  et  al.3have  assumed  this  strain  to 
be  relieved  after  several  nanometers  of  growth  ac- 
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cording  to  the  critical  thickness  theory.  The  primary 
relief  mechanism  is  the  formation  of  dislocations  at 
the  film/substrate  interface  during  film  growth.  Upon 
cooling,  the  difference  in  thermal  expansion  coeffi¬ 
cients  (asapphire  >  >  aGaN)  results  in  additional 

compressive  stresses  which  are  often  assumed1*4  to  be 
wholly  responsible  for  the  observed  compressive  strain. 
However,  high  resolution  transmission  electron  mi¬ 
croscopy  (HRTEM)  analysis  of  the  GaN/AIN  interface 
on  sapphire5  suggests  that  the  lattice  mismatch  stress 
in  GaN  is  not  fully  relieved.  This  residual  stress  was 
assumed5  to  be  accommodated  elastically  and  to  give 
rise  to  biaxial  stresses  in  the  GaN  films.  However,  it 
is  difficult  to  substantiate  this  through  other  charac¬ 
terization  techniques  since  both  thermal  and  lattice 
mismatch  stresses  are  compressive,  and  there  is  a 
marked  variation  in  published  thermal  expansion 
coefficients  that  could  be  used  in  calculations.  More¬ 
over,  none  of  these  coefficients  applies  to  tempera¬ 
tures  above  900° C,  where  most  GaN  thin  films  are 
deposited. 

Recent  work6-7  has  used  a  SiC(0001)  substrate/ 
A1N(0001)  buffer  layer  combination.  The  lattice  mis¬ 
match  strains  at  both  the  GaN/AIN  and  AlN/SiC 
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Table  I.  Comparison  of  Ill-Nitride  Material 
Properties  with  6H-SiC  and  Sapphire4* 


Coefficients 

Lattice  In-Plane  of  Thermal 

Parameter  Mismatch  with  Expansion 


Material 

at  RT(A) 

GaN  (%) 

NH/K) 

GaN 

a  =  3.1891b 
c  =  5.1855b 

- 

5.59;  3.1,  6.3d 
7.75c;  2.3,  6.1d 

AIN 

a  =  3.112 
c  =  4.982 

2.5 

4.15 

5.27 

6H-SiC 

a  =s  3.08 
c  =  15.12 

3.5 

4.2;  3.2, 4.2d 
4.68;  3.2,  4.0* 

Sapphire 

a  =  4.758 
c  =  12.99 

16.1 

7.5;  4.3,  9.2d 
8.5;  3.9,  9.3d 

3 LancLolt-Bornstein ,  ed,  0.  Madelung  (New  York:  Springer,  1982), 
Vol.  17. 

bC.M.  Balkas,  C.  Basceri  and  R.F.  Davis,  Powder  Diffraction  10. 
266(1995). 

c Properties  of  Group  III  Nitrides,  ed.  J.H,  Edgar  (London:  INSPEC, 
1994) 

dM.  Leszczynski,  T.  Suski,  P.  Perlin,  H.  Teisseyre,  L  Grzegory,  M. 
Bockowski,  J.'Jun,  S.  Porowski  and  J.  Major,  J.  Phys.  D:AppL  Phvs. 
28,  A149  (1995),. For  T  =  300-350  and  700-750K,  respectively.' 


Photon  Energy  (eV) 

Fig.  1 .  PL  of  a  3.7  )im  thick  GaN  film  on  an  AIN  buffer  layer  previously 
grown  on  a  SiC(0001)  wafer  at  10,  20,  30,  40,  60,  80,  and  100K.  The 
peaks  labeled  BX  and  FX  are  due  to  the  recombination  of  bound  and 
free  excitons,  respectively. 

interfaces  are  compressive  (aGaN  >  aA1N  >  aSiC),  but  the 
reduced  lattice  mismatch  between  AIN  and  SiC  (~  1%) 
compared  to  AIN  and  sapphire  leads  to  improved  GaN 
film  quality.  This  mismatch  is  expected  to  be  at  least 
partially  relieved  by  the  formation  of  misfit  disloca¬ 
tions,  as  the  calculated  critical  thickness  for  A1N(0001) 
on  SiC(0001)  is  only  47A.a  The  differences  in  thermal 
expansion  coefficients  are  opposite  in  sign  (aGaN>  aSiC 
*  a^)  to  that  for  GaN  on  sapphire  and  result  in  a 
biaxial  tensile  stress  contribution.  Hence,  the  two 


main  stresses  in  the  GaN/AlN/SiC  heteroepitaxial 
system  are  opposite  in  sign,  which  offer  the  potential 
to  substantiate  if  residual  lattice  mismatch  stress 
exists  through  lattice  parameter  measurements  and 
other  techniques.  Li  and  Ni9  measured  the  lattice 
parameters  for  thick  GaN  films  grown  directly  on 
both  SiC(OOOl)  and  sapphire(OOOl).  They  observed 
that  the  film  on  SiC  was  in  tension  while  that  on 
sapphire  was  in  compression.  They  attributed  this 
variation  in  strain  to  the  difference  in  thermal  expan¬ 
sion  coefficients  between  the  two  substrates. 

One  consequence  of  film  strain  is  a  shift  in  the  band- 
gap  energy  (E  J.10  The  biaxial  strain  can  be  viewed  as 
an  isotropic  cubic  component  together  with  a  uniaxial 
component  along  the  c-axis  of  the  GaN  film.11  The 
cubic,  or  hydrostatic  term  influences  the  band-gap 
directly,  while  the  uniaxial  component  introduces 
subtle  shifts  between  individual  lines  in  the  spec¬ 
trum.  However,  it  is  difficult  to  measure  E,  directly  in 
GaN  due  the  strong  excitonic  features  at  the  absorp¬ 
tion  edge. 12  Changes  in  E?  may  be  detected  by  shifts  in 
these  excitonic  features  using  low  temperature  photo¬ 
luminescence  (PL).  At  T  <4.2K,  the  PL  of  high-quality 
GaN  reveals  intense  near-band  edge  emission  attrib¬ 
uted  to  the  recombination  of  both  free  excitons  and/or 
excitons  bound  to  shallow  neutral  donors.4’6*7*12’13  The 
bound  exciton  feature  is  often  the  dominant  feature 
due  to  the  nature  of  GaN,  which  is  always  n-type  for 
undoped  films.  The  identity  of  the  shallow  donoifs)  is 
unknown,  although  recent  work  suggests  that  both 
native  defects  and  extrinsic  impurities  are  possibili¬ 
ties.14-16  Amano  et  al.1  observed  a  shift  of  the  bound 
exciton  energy  (EBX)  to  higher  energies  that  was 
attributed  to  biaxial  compressive  strain  for  GaN  films 
deposited  on  sapphire(OOOl).  Reported  EBX  values 
range  from  3.467  to  3.494  eV  for  GaN  on  sap¬ 
phire,12-13*17’18  and  from  3.463  to  3.472  for  GaN  on 
SiC.4’6,7’18’19  The  disparity  between  the  two  energy 
ranges  has  been  attributed  to  the  difference  in  ther¬ 
mal  expansion  coefficients  of  the  two  substrates.4’18 

In  this  research,  the  relationship  between  EBX  and 
lattice  parameters  (and  hence  strain)  was  determined 
for  22  GaN  films  grown  on  AIN  buffer  layers  previ¬ 
ously  deposited  on  6H-SiC(0001).  A  value  of  EBX  for 
relaxed  GaN  was  determined.  Poisson's  ratio  was 
calculated  from  lattice  parameter  measurements  and 
used  to  determine  the  shift  of  EBX  with  biaxial  stress 
(ca).  The  roles  of  the  AIN  buffer  layer  and  the  tilt  of  the 
SiC  substrate  on  film  stress  and  the  associated  PL 
spectra  were  also  determined.  Transmission  electron 
microscopy  (TEM)  was  employed  to  compare  and 
contrast  the  crystal  structure  of  GaN  films  grown  on 
the  vicinal  (off-axis)  and  on-axis  SiC  wafers.  The 
GaN/AIN  interface  was  analyzed  via  high  resolution 
(HR)TEM  to  determine  if  any  residual  lattice  mis¬ 
match  stress  occurred. 

EXPERIMENTAL  PROCEDURES 

The  GaN/AIN  films  were  grown  in  an  organometal- 
lic  vapor  phase  epitaxial  (OMVPE)  system  described 
previously6-7  on  both  on-axis  and  vicinal  (2-4°  off-axis) 
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6H-SiC(0001)  substrates.  The  GaN  films  ranged  in 
thickness  from  0.3-3. 7  |im  and  were  grown  at  tem¬ 
peratures  ranging  from  950-1 100°C.  The  AIN  buffer 
layer  for  each  sample  was  1000A  thick  and  grown  at 
1100°C.  All  of  the  GaN  films  were  unintentionally 
doped,  with  n-type  carrier  concentrations  ranging 
from  <1  x  1016-1  x  1017/cm3. 

Absolute  lattice  constants  values  were  measured 
using  a  Philips  X’Pert  MRD  x-ray  diffractometer  in 
the  triple-axis  mode.  The  technique  used  was  origi¬ 
nally  proposed  by  Fewster20  and  is  comparable  to,  and 
in  many  ways  more  accurate  than,  the  commonly 
used  “Bond”  method.  The  high  resolution  of  the  triple¬ 
bounce  analyzer  crystal  and  the  steps  taken  to  elimi¬ 
nate  inaccuracies  due  to  the  29  zero  error  and  sample 
centering  account  for  this.  The  data  were  collected 
using  29-co  scans,  with  corrections  made  for  refrac¬ 
tion.  The  accuracy  of  the  lattice  parameters  measured 
using  this  system  was  0.0002A.  The  c-axis  lattice 
parameter  (c)  was  measured  using  the  (002)  reflection. 
Measurements  of  the  a-axis  lattice  parameter  (a) 
were  made  using  both  the  (002)  and  (015)  reflections; 
however,  the  low  count  rate  for  the  asymmetric  reflec¬ 
tions  limited  the  number  of  samples  that  could  be 
measured  accurately. 

Photoluminescence  measurements  of  the  GaN  films 
on  SiC  were  made  at  4.2K  using  a  He-Cd  laser  (X = 325 
nm)  as  the  excitation  source,  unless  otherwise  noted. 
TEM  studies  were  performed  using  a  TOPCON  EM  - 
002B  HKTEM,  operated  at  200  kV  with  a  point-to- 
point  resolution  0.18  nm.  The  cross-sectional  samples 
in  the  [ll20]  orientation  were  prepared  by  conven¬ 
tional  techniques  using  mechanical  grinding  and  pol¬ 
ishing,  and  Ajt  ion-milling  at  a  low  angle  in  the  final 
stage.21*22 

RESULTS  AND  DISCUSSION 

Low  temperature  PL  of  the  GaN(0001)  films  grown 
in  this  research  exhibited  strong  near-band-edge 
emission  due  to  the  recombination  of  both  free  and 
donor-bound  excitons,  as  shown  in  the  spectrum  from 
a  3.7  Jim  thick  film  in  Fig.  1.  The  emission  from  the 
donor-bound  exciton  (BX)  decreased  in  intensity  much 
faster  than  that  from  the  free  excitons  (FX)  as  the 
temperature  was  increased  from  10  to  100K  This 
behavior  is  due  to  the  small  localization  energy  (Eb)  of 
the  donor-bound  excitons  compared  to  the  binding 
energy  of  the  free  excitons  (Ex).  From  this  data,  Eb  was 
estimated  to  be  5.9  meV,  which  agrees  favorably  with 
earlier  measurements.743  Recent  work  on  this  and 
other  samples  measured  Ex  to  be  21  ±  1  meV  for  the  A- 
and  B-  free  excitons,23  although  earlier  work  sug¬ 
gested  a  higher  (26  meV)  value.13  The  PL  of  the  GaN 
films  in  this  study  was  dominated  by  the  bound 
exciton  emission,  and  its  dependence  on  lattice  strain 
as  manifest  in  changes  in  lattice  parameters  will  be 
described  below. 

The  bound  exciton  energies  (EBX)  determined  at 
4.2K  as  a  function  of  the  c-axis  lattice  parameter  (c) 
for  22  GaN  films  on  SiC  are  shown  in  Fig.  2.  The  lattice 
parameter  measurements  were  performed  at  room 


Perry,  Zheleva,  Bremser,  Davis,  Shan,  and  Song 

temperature.  It  is  expected  that  the  tensile  strain  in 
the  GaN  films  due  to  thermal  expansion  mismatch 
will  increase  as  the  temperature  is  decreased  from 
room  temperature  to  4.2K,  but  lattice  parameter 
measurements  are  not  possible  at  these  tempera¬ 
tures.  A  linear  relationship  between  c  and  EBX  was 
observed,  where  the  bound  exciton  peak  shifted  to 
lower  energies  as  c  decreased.  Any  change  in  c  is  in 
response  to  a  strain  (ea)  along  the  a-axis  (a),  Aa/ao, 
which  results  from  the  biaxial  stress  produced  in  the 
plane  of  the  film  by  residual  stresses.  Thus,  a  decrease 
in  the  value  of  c  indicates  that  the  biaxial  tensile 
strain  in  the  film  is  increasing,  which  causes  E  to 
decrease  and  EBX  to  shift  to  lower  energies. 

The  value  of  c  for  relaxed  GaN  has  recently  been 
measured  to  be  5.1855A.24  As  shown  in  Fig.  2,  six  of 
the  GaN  films  grown  on  SiC(0001)  have  values  of  c 
greater  than  this,  which  indicates  they  are  compres- 
sively  strained.  This  suggests  that  the  compressive 
strain  due  to  lattice  mismatch  has  not  been  fully 
relieved  by  defect  formation  in  these  samples.  The 
highest  value  of  c  observed  was  5 . 190 A,  and  the  bound 
exciton  energy  for  this  sample  was  3.484  eV.  The 
highest  reported  EBX  value  previously  reported  for 
GaN  grown  on  6H-SiC  was  3.472  eV.19  The  n-type 
earner  concentration  of  this  film  was  reported  to  be 
1  x  1018  cm”3;  thus  it  is  possible  that  this  value  was 
slightly  shifted  to  higher  energies  by  the  Burstein- 
Moss25  effect  rather  than  by  strain.  The  free  carrier 
concentration  for  the  samples  in  this  study  was  less 
than  1  x  10n/cm3;  therefore,  it  is  assumed  that  the 
shift  observed  in  EBX  in  this  study  was  not  due  to  this 
effect. 

Values  of  Ebx  can  be  estimated  from  a  linear  regres¬ 
sion  of  the  data  in  Fig.  2,  which  yielded  EBX  =  (-14.91 
+  3.545*c)  eV,  where  c  is  in  angstroms.  Using  this 
relationship,  EBXowas  predicted  to  be  3.469  eV  for 
relaxed  GaN.  This  compares  favorably  to  reported 


Fig.  2.  Lattice  constant  evs  the  bound  exciton  energy  (Eax)  for  GaN/ 
AIN/SiC.  The  PL  was  performed  at  4.2K  and  the  lattice  parameter 
measurements  at  room  temperature.  The  dashed  line  indicates  the 
relaxed  value  of  c0(5.1855A)  for  GaN.  A  data  point  for  GaN  grown  on 
sapphire  is  included. 
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Fig-  3.  Lattice  constant  a  vs  cfor  GaN/AIN/SiC.  The  lattice  parameter 
measurements  were  performed  at  room  temperature.  The  Poisson's 
ratio  calculated' using  this  data  was  v  =  0.18  ±  ,02. 


3.184  3.186  3.188  3.190  3.192  3.194 


a(A) 

Fig.  4.  PLat4.2K  of  three  sets  of  GaN  films  (a,  b,  c)  grown  concurrently 
on  vicinal  (off-axis)  and  on-axis  SiC.  The  off-axis  tilt  of  sample  c  is  -2°, 
which  is  lower  than  a  tilt  of  3-4°  that  is  typical  for  the  vicinal  wafers. 

values  of  3.467, 26  3.469, 27  and  3.472  eV.28The  marked 
dependence  of  the  values  of  EBX  on  c  indicated  that  the 
wide  range  of  energy  values  reported  for  the  donor- 
bound  exciton  in  the  literature  sure  due  primarily  to 
different  amounts  of  strain  present  in  the  films.  For 
GaN  on  sapphire,  typical  EBX  values  are  between 
3.467-3.494  eV,  which  are  predominantly  in  the  en¬ 
ergy  range  indicated  for  films  under  compression  in 
this  study.  Included  in  Fig.  2  is  a  data  point  for  a  4.7 
(im  GaN  film  grown  on  sapphire,  which  indicated  that 
Ebx  can  be  predicted  for  GaN  grown  on  any  substrate 
using  values  of  c  and  the  relationship  determined  in 
this  study. 

For  biaxially  strained  wurtzitic  films,  the  rela¬ 
tionship  between  the  lattice  parameters  c  and  a  is 
given  by  the  strain  ratio29 

sc/e1  =  (Ac/c0)/(Aa/a0)  =  -2u  /( 1-u),  ( 1) 


where  u  is  Poisson’s  ratio  and  ao  and  co  are  the  relaxed 
lattice  parameters.  For  GaN,  values  of  u  which  ranee 
from  0.37230  to  0.2031  have  been  calculated  using 
anisotropic  elastic  constants.  A  recent32  survey  of  x* 
ray  data  available  in  the  literature  determined  u  = 
0.23  ±  0 . 06  for  samples  dominated  by  biaxial  strain.  In 
this  study,  a  and  c  were  measured  simultaneously  for 
22  GaN  films  on  6H-SiC,  including  10  of  those  shown 
in  Fig.  2.  The  relationship  between  a  and  c  is  dis¬ 
played  in  Fig.  3.  Also  included  is  a  data  point  for  the 
4.2  pm  GaN  film  on  sapphire  included  in  Fig.  2.  An 
average  strain  ratio  of  ec/s3  =  -0.455  was  determined 
for  this  data  set  using  values  of  3.1891  and  5.1855A 
for  a0  and  co,  respectively,28  which  resulted  in  a  Poisson’s 
ratio  of  u  =  0.18.  Further  analysis  showed  that  re¬ 
markably  different  strain  ratios  of  £c/ea  =  -0.33,  -0.47, 
and  —0.59  were  calculated  from  the  same  data  using 
other  published  values  for  ao  and  c0.32--33  This  dis¬ 
parity  in  the  strain  ratios  was  due  to  individual 
values  of  c  and  a  that  were  close  to  the  different  values 
for  a?  and  co  which  resulted  in  abnormal  values  in  the 
nominator  and/or  denominator  of  Eq.  (1)  for  that 
sample  s  strain  ratio.  A  distortion  of  the  average 
strain  ratio  for  the  data  set  resulted. 

Given  this  wide  variation  in  the  calculated  strain 
ratios,  two  methods  were  used  to  obtain  a  more 
reasonable  estimation  of  the  strain  ratio  and  the 
resulting  Poisson’s  ratio.  The  first  eliminated  those 
data  points  (4  total)  that  had  adverse  effects  on  the 
average  strain  ratio  of  the  data  set.  An  average  strain 
ratio  was  then  calculated  using  each  of  the  four  sets  of 
published  values  for  a0  and  c^28’32-2'33  and  averaged  to 
give  a  strain  ratio  ec/ea  =  -0.425.  The  corresponding 
Poisson’s  ratio  was  v  =  0.18.  The  second  method  fit  a 
line  to  the  data  in  Fig.  4,  and  then  used  the  experimen¬ 
tally  determined  values  of  c  to  calculate  values  of  a 
that  fit  the  line.  The  strain  ratio  for  each  point  was 
then  calculated  using  values  of  co  =  5.1850  and  ao  = 
3.1891,  where  the  latter  value  was  determined  from 
the  line  fit  to  the  data  in  Fig.  4.  The  average  strain 
ratio  using  this  method  was  sc/ea  =  -0.446  ±  .03,  which 
resulted  in  a  Poisson’s  ratio  ofu  =  0.18  ±  .02.  The  two 
calculated  values  of  Poisson’s  ratio  were  identical, 
and  they  compared  favorably  with  values  determined 
from  x-ray  data  (0.23  ±  ,06)32  and  anisotropic  elastic 
constants  (0.20, 31  0.24,34  and  0.2635). 

The  shift  of  EBX  as  a  function  of  the  biaxial  film 
stress  (AEBX/Asa)  can  be  estimated  from  the  data  in 
Fig.  2  using  the  relationship29 

cra  =  Y/(l  -  v)ea  =  -Ye/2v,  (2) 

where  Y  is  the  Young’s  modulus  (290  ±  20  GPa).32  The 
first  step  was  to  calculate  AEBX/Aec  from  the  data  in 
Fig.  2,  where  relaxed  values  of  EbjJ=  3.469  eV  and  c0 
=  5.1855A  were  assumed.  A  linear  regression  of  the 
data  yielded  AEbx/Asc  =  18.1  eV.  Usingthis  expression, 
and  the  previously  determined  Poisson’s  ratio  of  v  = 
0.18,  a  value  of  dEBX/dcra  =  23  meV/GPa  was  calcu¬ 
lated.  This  result  is  lower  than  that  reported  previ¬ 
ously  for  hydrostatic  pressure  experiments  (3936  and 
4037  meV/GPa),  but  it  compared  favorably  to  results 
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for  GaN  films  where  biaxial  stress  was  assumed  2732-38 
meV/GPa).  However,  the  similarity  of  the  value  given 
in  Ref.  38  with  that  determined  in  this  research  may 
be  a  coincidence  given  that  the  authors  assumed  the 
wrongrelationship  between  stress  and  strain.  It  should 
be  noted  that  uncertainties  in  Poisson’s  ratio  and 
Young's  Modulus  can  have  a  dramatic  effect  on  these 
calculations. 

The  role  of  SiC  off-axis  tilt  on  GaN  film  stress  was 
investigated  using  films  grown  concurrently  on  vici¬ 
nal  and  on-axis  SiC(OOOl)  wafers.  Previous  analysis 
in  this  laboratory  of  1.4  pm  GaN/AIN  films  deposited 
simultaneously  on  vicinal  and  on-axis  6H-SiC(0001) 
substrates  showed  the  microstructural  quality  of  the 
GaN  and  AIN  layers  on  the  on-axis  substrate  to  be 
superior.7  Moreover,  double  crystal  x-ray  curve 
(DCXRC)  measurements  showed  a  full  width  at  half 
maximum  (FWHM)  of  58  arc-sec  for  the  on-axis  film, 
compared  to  15 1  arc-sec  for  the  vicinal  film.  Plan  view 
TEM  measurements  showed  a  lower  dislocation  den¬ 
sity  for  the  GaN  film  on  the  on- axis  SiC,  and  the  AIN 
buffer  layer  was  of  high  microstructural  quality.  The 
bound  exciton  energy  of  the  vicinal  film  was  shifted  to 
a  lower  energy  relative  to  the  on-axis  film,  with  AEbx= 
3  meV. 

The  PL  spectra  of  the  bound  exciton  emission  from 
three  separate  GaN  film  sets  grown  concurrently  on 
off-  and  on-axis  SiC  are  displayed  in  Fig.  4,  where  the 
film  thickness  was  <0.6  pm  for  all  of  the  samples.  In 
each  case,  the  BX  emission  on  the  vicinal  wafers  was 
shifted  to  lower  energies,  with  AEbx  as  large  as  17 
meV.  A  related  shift  in  the  lattice  parameter  c  was 


observed,  with  Ac  as  great  as  0.0072A.  Thus,  the  GaN 
films  grown  on  vicinal  SiC  were  compressively  strained 
compared  to  those  grown  on  on-axis  SiC.  The  dispar¬ 
ity  in  Ebx  and  c  values  persisted  as  the  film  thickness 
increased.  However,  AEBX  decreased,  and  EBXfor  both 
types  of  films  shifted  to  energies  commonly  associated 
with  GaN  on  6H-SiC(0001)  (EBX<  3.469  eV).  It  should 
be  noted  that  the  values  of  c  for  the  underlying  vicinal 
and  on-axis  6H-SiC  were  identical  at  the  AlN/SiC 
interface,  which  indicated  that  the  phenomena  dis¬ 
cussed  is  not  due  to  differences  in  the  lattice  constants 
of  the  substrates. 

To  understand  these  results,  it  is  necessary  to 
examine  the  defect  ■  microstructures  of  GaN  films 


Fig.  5.  HR  micrograph  from  an  AIN/6H-SiC  vicinal  interface  reveals 
that  the  strain  at  the  interface  is  due  to  the  numerous  domain 
boundaries  (denoted  by  D  and  the  arrows)  formed  when  neighboring 
grains  coalesce  during  the  growth  process. 


a  b 

Ftg.  6.  Low  magnification  TEM  micrographs  of  a  GaN/AIN/vicinai  6H-SiC(0001 )  heterostructure:  (a)  the  AIN  film  exhibits  domain  type  of  growth  with 
characteristic  domain  boundaries.  Plan  view  of  the  GaN  film  reveals  a  dislocation  density  of  -lO^-tO^/cm2  comprised  mostly  of  threading 
dis  ocations  and  threading  segments,  (b)  The  nonuniform  contrast  in  the  AIN  film  is  due  to  the  overlapping  stress  fields  at  the  AIN/6H-SiC  and  GaN/ 
ain  interfaces  from  the  lattice  parameters  and  coefficients  of  thermal  expansion. 
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Fig.  7.  HRTEM  micrograph  from  AIN  on  on-axis  6H-SiC(0001).  There 
are  no  domains  and  associated  domain  boundaries  as  observed  in  the 
off-axis  films  shown  in  Rg.  5. 


Fig.  3.  TEM  micrograph  from  the  GaN/AIN/on-axis  6H-SiC(0001) 
heterostructure  in  [1 1 20]  orientation  showing  the  considerably  im¬ 
proved  quality  of  the  GaN/AIN  and  AIN/SiC  interfaces  relative  to  those 
achieved  with  the  vicinal  substrate  (see  Rg.  6a).  Note  also  the 
reduction  of  the  defect  density  in  comparison  with  the  structure  grown 
on  the  off-axis  SiC  substrate. 

grown  on  an  AIN  buffer  on  6H-SiC(0001)  substrates. 
The  primary  defects  in  the  AIN  buffer  layers  grown  on 
the  off-axis  SiC  substrates  were  domains  and  their 
associated  domain  boundaries,  as  shown  by  HRTEM 
in  Fig.  5  and  lower  magnification  TEM  in  Figs.  6a  and 
6b.  Recent  studies39  show  that  the  steps  on  the  vicinal 
surface  provide  sites  for  the  growth  of  inversion  do¬ 
mains,  which  are  separated  by  inversion  domain 
boundaries  (IDBs).  These  defects  introduce  a  marked 
amount  of  strain  in  the  AIN  buffer  layer  grown  on  off- 
axis  SiC  substrate.  There  is  also  a  high  density  of 
threading  dislocations  in  the  buffer  layer. 

By  comparison,  the  crystal  quality  of  AIN  films 
grown  on  on-axis  SiC  substrate  is  of  improved  crystal¬ 
line  quality,  as  shown  by  HRTEM  in  Fig.  7  and  TEM 
in  Fig.  8.  Most  significantly,  there  is  a  reduced  density 
of  inversion  domain  boundaries  due  to  the  reduction 
in  the  density  of  SiC  steps.  The  primary  defects  are 
stacking  faults  parallel  to  the  AIN/SiC  interface  and 
associated  partial  dislocations.  Threading  disloca¬ 
tions  running  from  the  top  to  the  bottom  of  the  film  are 
also  present. 

The  crystal  quality  of  the  GaN  is  directly  influenced 
by  the  AIN  buffer.  The  inferior  quality  of  the  AIN 


buffer  layer  grown  on  vicinal  SiC  results  in  a  high 
dislocation  density!  ~109-1010/cm2)  at  the  interface,  as 
determined  from  plan-view  TEM  analysis  by  count¬ 
ing  the  number  of  dislocations  per  unit  area.  The 
dislocation  density  decreases  markedly  about  two 
hundred  angstroms  away  from  the  GaN/AIN  inter¬ 
face.  The  predominant  defects  are  threading  disloca¬ 
tions  and  threading  segments  that  persist  through¬ 
out  the  film.  In  addition,  stacking  faults  and  disloca¬ 
tion  loops  are  observed  close  to  the  interface.  Finally, 
domain  boundaries  that  originate  at  the  GaN/AIN 
interface  are  also  visible.  It  should  be  noted  though 
that  recent  work  has  shown  that  the  formation  of 
domains  can  also  be  associated  with  nonstoichiometry 
or  contamination  of  the  AIN  surface.40 

The  improved  quality  of  the  AIN  buffer  layers  on 
the  on-axis  SiC  carries  over  into  the  GaN,  as  dis¬ 
played  in  Fig.  8.  A  dislocation  density  in  the  order  of 
~108/cm2  in  the  GaN  layer  was  observed  in  plan-view 
TEM  near  the  GaN/AIN  interface.  Most  notably  there 
are  no  planar  defects  such  as  stacking  faults  or  do¬ 
main  boundaries  in  the  GaN.  The  dominant  defect  in 
the  on-axis  GaN  films  are  edge  type  dislocations  with 
burgers  vectors  b  =  l/3<  1120>  and  b  =  1/3<1 100>. 
These  are  the  misfit  dislocations  which  form  at  the 
GaN/AIN  interface.  This  TEM  analysis,  as  well  as 
that  of  Chien  et  al.41  on  North  Carolina  State  Univer¬ 
sity  samples,  reveal  that  the  lattice  mismatch  stress 
in  GaN  films  grown  on  the  on-axis  SiC  substrate  is 
accommodated  mostly  by  misfit  dislocations.  How¬ 
ever,  our  PL,  XRD,  and  TEM  studies  suggest  that 
these  defects  do  not  provide  full  stress  relief. 

In  order  to  further  assess  the  residual  strain  in  the 
GaN  films,  HRTEM  studies  were  performed  at  the 
GaN/AIN  interface  of  the  on-axis  SiC  in  the  [ll20] 
orientation,  as  shown  in  Fig.  9.  It  can  be  seen  that  the 
interface  is  epitaxial  and  free  of  domains,  threading 
dislocations  and  low  angle  grain  boundaries.  Using 
HRTEM,  it  is  possible  to  calculate  the  residual  strain 
at  the  interface  for  the  planes  that  are  perpendicular 
to  the  interface  and  parallel  to  each  other.  Ning  et  al.3 
used  this  method  to  calculate  the  misfit  at  the  GaN/ 
sapphire  interface,  where  they  found  a  -1%  residual 
strain  in  the  GaN  film 

To  determine  the  residual  strain  in  the  GaN  films 
grown  in  the  present  research,  the  average  lattice 
mismatch  was  calculated  along  the  GaN/AIN  inter¬ 
face  from  HRTEM  micrographs  in  |ll20l  GaN  orien¬ 
tation,  by  counting  the  number  of  (1 100)  GaN  and 
AIN  planes  along  [1 100]  direction  that  was  bounded 
on  each  end  by  commensurate  GaN  and  AIN  planes. 
The  experimental  mismatch  was  assessed  to  be  0.9% 
lower  than  the  theoretical  misfit  value  of  2.5%  for 
GaN  and  AIN.  The  experimental  mismatch  is  equal  to 
NGaN  -  N^/N^,  where  N  is  the  number  of  (1 100) 
planes  perpendicular  to  the  interface  (Fig.  9).  This 
calculation  was  repeated  at  -20  different  locations 
along  the  interface,  with  the  average  results  pre¬ 
sented  here.  Thus  there  is  a  0.9%  residual  compres¬ 
sive  strain  in  the  on-axis  GaN  film.  This  result 
supports  the  data  from  our  PL  and  XRD  studies 
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presented  earlier. 

Additional  evidence  for  the  existence  of  residual 
compressive  strain  in  the  GaN  films  is  the  TEM 
contrast  exhibited  by  the  GaN  films  at  distances  of 
50-80 A  from  the  interface  with  AIN.  As  can  be  seen  in 
Fig.  9,  the  contrast  reveals  traces  of  rounded  peaks 
and  grooves,  which  are  typical  for  films  that  are  under 
compression.42’43  Such  near  surface  undulations  are 
formed  during  heter oepitaxial  growth  by  migration  of 
the  atoms  deposited  on  the  surface  under  the  strain 
induced  chemical  potential  gradients.  From  the  same 
figure  it  can  be  seen  that  at  the  groves,  the  interplanar 
distances  are  smaller  than  at  areas  close  to  the  peaks. 
This  shows  that  there  is  a  complementary  compres¬ 
sion  at  the  areas  close  to  the  peaks. 

Thus,  our  HRTEM  studies  reveal  the  stress  due  to 
lattice  mismatch  is  not  fully  relieved  at  the  GaN/AIN 
for  films  grown  on  on- axis  SiC.  This  results  in  a 
residual  compressive  stress  that  counteracts  the  ten¬ 
sile  stress  due  to  thermal  mismatch.  If  this  compres¬ 
sive  stress  is  stronger,  then  the  GaN  films  should  be 
in  compression.  This  explains  why  the  thin  (t  <  0.6 
pm)  GaN  films  grown  on-axis  films  are  in  compres¬ 
sion,  while  those  grown  concurrently  on  vicinal  SiC 
wafers  are  in  tension,  with  a  maximum  Ac  =  0.0072A. 
As  thickness  increases  (t  >  1  urn),  this  compressive 
stress  lessens;  and  at  greater  thicknesses  (t  >  4  jim), 
cracking  may  occur  in  the  GaN  to  relieve  thermal 
mismatch  stress. 

SUMMARY 

Compressive  strain  in  GaN  films  grown  on  A1N/6H- 
SiC(OOOl)  is  reported  for  the  first  time.  Residual 
biaxial  strains  determined  in  the  films  was  due  both 
to  mismatches  in  thermal  expansion  coefficients  and 
lattice  parameters.  A  linear  dependence  due  to  this 
strain  was  determined  between  and  c  for  22  GaN 
films  grown  on  AlN/6H-SiC,  and  expressed  by  EBX  = 
(-14.912  +  3.545*c)  eV.  Poisson’s  ratio  for  GaN  was 
determined  to  be  v  =  0. 18  from  values  of  c  and  a  for  22 
GaN  films.  The  shift  of  EBX  with  biaxial  film  stress 
was  estimated  to  be  23  meV/GPa.  A  marked  variation 
in  Ebx  and  c  was  observed  for  GaN  films  grown 
concurrently  on  AIN  buffers  and  vicinal  and  on-axis 
SiC  wafers.  This  variation  was  greatest  for  films  <0.6 
Jim  thick,  where  a  maximum  shift  of  AEbx  =  17  meV 
and  Ac  =  0.0072A  was  observed,  and  the  samples  on 
the  on-axis  SiC  were  in  compression. 

Related  TEM  results  showed  a  higher  density  of 
steps  on  the  vicinal  SiC  wafers.  Thesesteps  acted  as 
formation  sites  for  inversion  domain  boundaries. 
Threading  dislocation  densities  of  -  1010/cm2  and  - 108/ 
cm2  were  observed  for  GaN  on  AIN  grown  vicinal  and 
on-axis  SiC,  respectively.  The  on- axis  SiC  substrate 
did  not  contain  sufficient  steps  for  defect  formation  to 
fully  relieve  the  lattice  mismatch  via  defect  formation 
at  the  GaN/AIN  and  AlN/SiC  interfaces  at  the  growth 
temperature.  This  resulted  in  residual  compressive 
stresses  that  counteracts  the  tensile  stresses  that 
formed  upon  cooling  due  to  the  mismatch  in  thermal 
expansion  coefficients.  A  0.9%  residual  compressive 
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Fig.  9.  HRTEM  micrograph  from  GaN/AIN  interface  of  GaN/AIN  6H- 
SiC  on-axis  heterostructure.  Note  the  extra-half  planes  in  GaN  films 
which  are  the  misfit  dislocations  (MD)  generated  to  relieve  the  misfit 
strain  at  that  interface.  The  peaks  and  grooved  are  denoted  by  P  and 
D. 


strain  at  the  GaN/AIN  interface  was  calculated  by 
comparing  the  average  experimental  lattice  mismatch 
at  the  interface  (1.6%)  observed  via  HRTEM  with  that 
theoretically  predicted  for  GaN/AIN  (2.5%).  It  is  pro¬ 
posed  that  this  strain  was  accommodated  elastically 
and  resulted  in  biaxially  compressive  stresses  in  the 
films. 
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Abstract.  We  present  the  results  of  a  series  of  studies  on  the  optical  properties  of  GaN  and 
AlGaN/GaN  heterostructures  using  a  variety  of  spectroscopic  techniques.  Strain  effects  were  found 
to  have  a  strong  influence  in  determining  the  energies  of  excitonic  transitions.  The  observations  of 
spectral  features  associated  with  the  transitions  involving  the  ground  and  excited  exciton  make 
it  possible  to  directly  estimate  binding  energy  for  the  excitons  in  GaN.  Optical  pumping  experiments 
were  performed  on  AlGaN/GaN  separate  confinement  heterostructures  (SCH)  grown  on  sapphire 
by  MBE  and  on  SiC  by  MOCVD.  The  threshold  pumping  powers  were  found  to  be  an  order  of 
magnitude  lower  than  that  for  regular  GaN  epiiayers.  Nonlinear  four-wave-mixing  experiments  were 
carried  out  in  both  femtosecond  and  picosecond  regimes  to  study  the  intensity  and  time  response  of 
scattering  efficiency,  as  well  as  the  pump-induced  nonlinear  refractive  index  change. 


1.  Introduction 

Extensive  studies  on  the  properties  of  wide  bandgap  semiconductor  materials  for  the  applications 
of  light  emitting  devices  operating  in  blue  and  ultraviolet  (UV)  spectral  regions  have  been 
undertaken  for  years.  GaN  based  wide  band-gap  m-V  nitride  systems  have  recently  attracted 
much  attention  as  the  most  promising  material  for  such  device  applications.!/]  We  have 
performed  a  variety  of  spectroscopic  techniques  to  study  optical  transition  processes  in  GaN  and 
AlGaN/GaN  heterostructures.  The  work  reported  here  will  focus  on  several  subjects  including 
the  study  of  excitonic  transitions  in  GaN  and  nonlinear  four-wave-mixing,  as  well  as  optical 
pumping  study  on  the  stimulated  emission  and  lasing  in  AlGaN/GaN  separate  confinement 
heterostructures  (SCH). 

2.  Experimental  details 

The  GaN  samples  used  in  this  work  were  nominally  undoped  single-crystal  films  grown  by 

metalorganic  chemical  vapor  deposition  (MOCVD)  on  (0001)  6H-SiC  or  basal-plane  sapphire 
substrates.  The  AlGaN/GaN  separate  confinement  heterostructures  (SCH)  were  grown  either  on 

(0001)  sapphire  substrates  by  a  modified  reactive  MBE  or  on  6H-SiC  by  MOCVD.  The  SCH 
structures  typically  have  -100  A  thick  GaN  active  layer,  symmetrically  surrounded  by  a  lower 
mole  fraction  AlGaN  waveguide  layer,  and  followed  by  a  higher  AlGaN  cladding  layer. 
Photoluminescence,  reflection,  and  photomodulation  spectroscopy  were  performed  to  study 
excitonic  transitions.  Optically  pumped  stimulated  emission  and  lasing  phenomena  were  studied 
using  a  frequency-tunable  dye  laser  pumped  by  the  second  harmonic  laser  beam  (532  nm)  of  a 
pulsed  Nd:YAG  laser  with  - 10  ns  pulse  width  and  10  Hz  repetition  rate.  The  output  of  the  dye 
laser  was  then  frequency-doubled  to  achieve  a  near  UV  pumping  wavelength.  Nonlinear  four- 
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wave-mixing  experiments  were  performed  using  the 
second  harmonic  of  a  self-mode-locked  Ti:Sapphire 
laser  (100  fs)  or  13-picosecond  (ps)  pulses  at  532  nm 
from  a  mode-locked  Q-switch  Nd:  YAG  laser. 

3.  Results  and  Discussions 

3.1.  Strain  effects  on  excitonic  transitions 

A  number  of  investigations  on  the  optical  properties  of 
GaN  have  revealed  that  there  is  a  significant  amount  of 
variation  in  the  literature  about  the  positions  of  various 
excitonic  transitions.[2-9]  Fig.l  plots  the  excitonic 
transition  energies  measured  from  the  GaN  samples 
used  in  this  work  as  a  function  of  relative  in-plane 
(biaxial)  strain.  The  strain  was  determined  by  X-ray 
rocking  curve  measurements.  The  systematically 
observed  differences  in  exciton  transition  energies  can 
be  attributed  to  the  effects  of  residual  strain  in  the 
epilayers  due  to  the  mismatch  of  lattice  parameters  and 


Fig.l.  Measured  excitonic  transition  energies 
as  a  function  of  relative  in-plane  (biaxial) 
strain.  The  exciton  energies  of  strain-free 
GaN  were  included  for  reference  (dark 
points). 


coefficients  of  thermal  expansion  between  GaN  and  the  substrate  material.  By  comparing  these 
observed  exciton  transition  energies  to  the  values  obtained  from  virtually  strain-free  bulk  GaN. 
one  can  infer  that  the  overall  effects  of  residual  strain  generated  in  GaN  on  sapphire  is 
compressive,  which  results  in  an  increased  band  gap,  while  that  induced  in  GaN  on  SiC  is 
tensile,  which  leads  to  a  decrease  in  measured  exciton  transition  energies.  Therefore,  the  results 
presented  here  lead  to  the  conclusion  that  strain  can  shift  the  transition  energies  either  up  or 
down  depending  on  whether  the  GaN  layer  is  in  tension  or  compression.  Furthermore,  the  strain 
induced  by  thermal-expansion  mismatch  in  GaN  based  epitaxial  layers  has  the  prevailing 
influence  on  the  energy  variations  of  exciton  transitions,  since  lattice-mismatch  induced  strain 
is  of  the  opposite  sign  and  hence  would  have  the  opposite  effect  on  the  variation  of  the  GaN  band 
gap  from  that  observed. 


The  observed  strain  shifts  in  excitonic  transition  energies  permit  a  direct  estimate  of  the 
deformation  potentials,  including  both  hydrostatic  and  uniaxial  components  for  wurtzite  GaN. 
With  linear  fits  to  the  whole  set  of  data  shown  in  Fig.  1  using  a  least-squares  fit,  and  taking  into 
account  the  facts  that  the  strain  caused  total  energy  shift  relative  to  the  excitonic  transition 
energy  is  very  small  and  the  elastic  properties  of  GaN  are  of  quasi-cubic  nature,  the  uniaxial 
deformation  potentials  can  be  derived  to  be  bs=- 5.3  eV  and  b2* 2.7  eV,  and  the  hydrostatic 
deformation  components  to  be  a, =-6.5  eV  and  a;=-  1 1.8  eV.[10] ' 


3.2.  Exciton  binding  energy 


We  note  that  some  GaN  samples  exhibit  a  set  of  weak  but  resolvable  spectral  features  in  the 
spectral  region  on  the  higher-energy  side  of  the  main  A-  and  5-transitions  in  the  reflection 
spectra.  Shown  in  Fig.2  is  a  photoreflectance  (PR)  spectrum  from  a  7.2-^m  GaN/sapphire 
sample.  While  the  spectral  features  A,  5,  and  C  can  be  unmistakably  identified  to  be  associated 
with  intrinsic  free-exciton  transitions,  the  nature  of  the  a  and  ^-features  is  not  immediately  clear. 
In  order  to  determine  the  energy  positions  associated  with  the  various  observed  optical 
transitions  and  identify  those  unknown  spectral  features,  the  PR  spectral  features  are  fitted  to  the 
functional  form: [7 7]  AR/R’=Re[H: ( C,e,£V E-Et+irt  )‘,)]I  where  C,  and  6j  are  the  amplitude  and 
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'phase  of  the  line  shape,  and  £;  and  7] are  the  energy  and 
■;the  empirical  broadening  parameter  of  the  transitions, 

/respectively.  The  solid  line  in  the  figure  is  the  best 
, -least-squares  fit  to  the  experimental  data.  The  best  fits 
ir’iesult  in  an  energy  separation  of  0.008  eV  between  the 
Kj-  and  b-features,  which  is  almost  identical  to  the  A-B  o 

at 

^separation,  and  a  0.016  eV  difference  for  both  A-a  and 
KB-b  separations  within  experimental  error  (s  0.001  eV). 

^Similar  propenies  could  be  also  observed  in  the  other 
§!GaN  samples.  These  observations  indicate  that  the  a- 
and  ^-features  are  indeed  associated  with  A-  and  B- 
exciton  transitions.  Therefore,  we  attribute  a  and  b  to 
the  n- 2  excited  states  (2s)  of  the  excitons.  A 
straightforward  estimate  of  the  binding  energy  from  the 
b  separation  between  the  n=l  and  n-2  exciton  states 
f  using  simple  hydrogenic  model  E„--EJn-  with  n  as  an 
R  integer  and  Eb  as  the  binding  energy  yields 
f  £,,=0.021*0.00 1  eV  for  A-  and  B-excitons.  The  binding 
('  energy  for  the  C-exciton  can  also  be  derived  using  the 
j  same  approach.  A  3.7 -pm  GaN/SiC  exhibiting  a  much 
stronger  C-exciton  transition  signal  in  the  PR  spectrum 
allows  us  to  obtain  a  0.0172  eV  energy  separation  with  the  Is  and  2s  states  of  the  C-exciton. 
which  corresponds  to  a  binding  energy  of  -0.023  eV. 

3.3.  Optically  pumped  stimulated  emission  ar.d  laser  action  in  AlGaN/CaN  SCH 

A  comparative  study  of  optically  pumped  stimulated  emission  and  laser  action  in  uniform  GaN 
epilayers  and  AlGaN/GaN  SCH  samples  was  performed.  Fig.3  shows  the  emission  intensity 
against  the  pumping  power  density  taken  from  an  SCH  sample  grown  on  an  SiC  substrate.The 
AlGaN/GaN  SCH  samples  exhibited  threshold  pumping  powers  as  low  as  65  kW/cnr  at  room 
temperature  under  the  excitation  of  a  frequency-tunable  nanosecond  laser  system  in  a  side¬ 
pumping  configuration.  This  represents  more  than  an 
order  of  magnitude  reduction  over  uniform  GaN 
epilayer  samples  (800  kW/cm:).(/2]  Such  substantial 
decreases  in  the  threshold  values  observed  in  SCH 
samples  can  be  attributed  to  the  carrier  confinement 
and  waveguiding  effects. 
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Fig.2. 10-K  PR  spectrum  of  a  GaN/sapphire 
sample.  The  solid  line  is  the  best  fit  to  the 
data.  The  identifications  of  various  features 
are  given  by  the  notations. 


Pumping  Power  Density  (kW/cmJ) 

Fig.3.  Lasing  emission  intensity  vs.  pumping 
power  density  of  an  SCH  structure  on  SiC  at  295 
K.  The  inset  shows  the  Fabry-Peroi  cavity 
modes. 


3.4.  Nonlinear  four-wave  mixing 

Using  picosecond  laser  pulses  at  532  nm  with  the 
photon  energy  below  the  band  gap  of  GaN,  we 
performed  nonlinear  four-wave-mixing  (FWM) 
experiments  using  a  boxcar  geometry.  Strong  wave¬ 
mixing  signals  up  to  7th  order  could  be  observed  with 
the  naked  eye  as  shown  in  Fig.4.  By  delaying  the 
arrival  of  the  probe  pulses  relative  to  the  pump 
pulses,  the  response  of  the  nonlinear  optical  changes 
such  as  scattering  efficiency  in  the  GaN  sample  was 
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studied.  The  scattering  efficiency  is  defined  as  the  ratio  of 
the  intensity  of  scattered  to  the  transmitted  probe  beam.  At 
zero  delay,  a  maximum  scattering  efficiency  of  4x  1  O’5  was 
obtained.  It  corresponds  to  an  index  change,  An(0),  of 
1.2x1  O'3.  This  change  can  be  related  to  the  pump  beam 
intensity  through  an  effective  nonlinear  refractive 
coefficient,  n,,  defined  as  An(0)=nj0.[]  3]  Using  the  pump- 
beam  irradiance  of  1.2  GW/cm2,  a  value  of  1x10°  cm2 /GW 
was  derived  for  the  effective  nonlinear  refractive  index  n2. 

We  have  also  observed  quantum  beats  in  GaN  by 
performing  degenerate  fs-FWM  experiments.  When  the 
laser  was  tuned  to  the  spectral  region  at  the  A-  and  B- 
exciton  resonance  around  3.5  eV,  a  coherent  superposition 
of  the  excited  A-exciton  component  with  the  5-exciton 


Fig.4.  Image  of  the  ps-FWM  signals 
showing  three  attenuated  pump  and  probe 
beams  and  higher  order  nonlinear 
diffracted  signal  spots. 


referred  to  as  quantum  beats  [14]  was  observed.  The  beat  period  of  560  fs,  T^,,,  =  hl( E  -E  ) 
corresponds  exactly  to  the  A-B  exciton  energy  separation  in  this  sample  of  7.3  meV.  B  A 


4.  Conclusions 


Some  recent  results  of  linear  and  nonlinear  optical  investigations  of  the  properties  of  GaN  and 
AJGaN/GaN  heterostructurcs  have  been  presented.  The  results  of  studying  strain  effects  clearly 
indicate  that  GaN  epilayers  grown  on  SiC  exhibit  basal  tensile  strain,  while  those  on  sapphire 
substrates  are  under  biaxial  compression.  Based  on  these  results,  the  values  of  the  four  principal 
deformation  potentials  of  wurtzite  GaN  have  been  determined.  The  observations  of  spectral 
structures  of  exciton  transitions  associated  with  the  ground  state  and  excited  states  of  A-  B-  and 
C-excitons  in  GaN  epitaxial  layers  enabled  us  to  accurately  determine  the  transition  energies  and 
make  a  straightforward  estimate  of  the  binding  energy  for  the  excitons.  Substantial  decreases  in 
the  threshold  values  for  lasing  were  observed  in  AlGaN/GaN  SCH  samples  due  to  the  carrier 
confinement  and  waveguiding  effects.  Some  interesting  phenomena  related  to  the  nonlinear 
optical  properties  of  GaN  were  also  studied  in  the  femtosecond  and  picosecond  regimes  by  FWM 
experiments.  The  value  of  effective  nonlinear  refractive  index  at  532  nm  for  GaN  was  derived 
from  ps-FWM  results,  and  the  quantum  beats  resulting  from  a  coherent  superposition  of  exciton 
wavefunctions  were  observed  by  fs-FWM. 
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We  present  the  results  of  an  experimental  study  on  the  binding  energy  for  intrinsic  free  excitons  in  wurtzite 
GaN.  High-quality  single-crystal  GaN  films  grown  by  metalorganic  chemical  vapor  deposition  were  used  in 
this  study.  Various  excitonic  transitions  in  GaN  were  studied  using  reflectance  measurements.  The  observation 
of  a  series  of  spectral  features  associated  with  the  transitions  involving  the  ground  and  excited  exciton  states 
allows  us  to  make  a  straightforward  estimate  of  exciton  binding  energy  using  the  hydrogenic  model.  Our 
results  yield  a  binding  energy  Eb  =0.021  ±0.001  eV  for  the  A  and  B  excitons,  and  0.023±0.001  eV  for  the 
C  exciton  in  wurtzite  GaN  within  the  framework  of  the  effective  mass  approximation. 

[SOI  63- 1829(96)  11948-2] 


In  recent  years,  much  effort  has  been  devoted  to  the  study 
of  wide-band-gap  semiconductor  materials  and  their 
multilayer  heterostructures  for  optoelectronic  device  applica¬ 
tions,  such  as  laser  diodes  and  light-emitting  diodes  operat¬ 
ing  in  the  ultraviolet-blue-green  range.  Currently,  GaN  is 
among  the  most  extensively  studied  materials.  It  is  known 
that  GaN  has  a  wurtzite  structure  in  natural  form,  and  has  a 
wide  direct  band  gap  of  -3.42  eV  at  room  temperature  (300 
K),  which  provides  efficient  radiative  recombination  and 
makes  GaN  very  attractive  to  the  short-wavelength  optical 
applications  in  the  blue  and  ultraviolet  wavelength  range.1 
The  outstanding  thermal  and  chemical  stability  of  the  wide¬ 
band-gap  nitrides  also  allows  GaN-based  electronic  and  op¬ 
toelectronic  devices  to  operate  at  high  temperatures  and  in 
hostile  environments.2,3 

So  far,  there  have  been  numerous  studies  reporting  the 
evidence  of  fine  structures  observed  in  the  energy  region 
near  the  band  edge  of  GaN  using  various  optical 
measurements.4-13  In  spite  of  these  detailed  studies,  the  de- 
scription  of  the  band  structure  and  exciton  energy  levels  in 
GaN  has  remained  in  a  state  of  confusion.  In  this  report  we 
present  the  results  of  an  experimental  study  of  optical  tran¬ 
sitions  associated  with  the  ground  and  excited  exciton  states 
in  wurtzite  GaN  single-crystal  epilayers  using  conventional 
reflection  and  photomodulated  reflectance  (PR)  measure¬ 
ments  at  low  temperatures.  In  particular,  the  unambiguous 
observation  of  sharp  derivativelike  PR  spectral  features  re¬ 
lated  to  the  Is  and  2s  states  of  A-,  Z?-,  and  C- exciton 
transitions,  as  well  as  the  fundamental  band-to-band 
(r9rr£)  transition,  allows  a  precise  determination  of  the  en¬ 
ergy  positions  for  those  transitions,  making  it  possible  to 
directly  estimate  the  binding  energy  for  the  excitons  using 
the  hydrogenic  model.  In  addition,  the  longitudinal- 
transverse  splitting  and  phenomenological  damping  param¬ 
eter  of  the  polaritons  associated  with  A  and  B  excitons  were 
estimated  by  taking  into  account  the  spatial  dispersion  of  the 
dielectric  function  of  GaN. 
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The  GaN  samples  used  in  this  work  were  nominally  un¬ 
doped  single-crystal  films  grown  by  metalorganic  chemical 
vapor  deposition  on  (0001)  sapphire  and  6H-SiC  substrates. 
AIN  buffer  layers  were  deposited  on  the  substrates  at  about 
775  °C  before  the  growth  of  the  GaN  epilayers.  The  GaN 
layers  were  deposited  at  1040 °C  direcdy  on  the  AIN  buffers. 
The  thickness  of  the  GaN  layers  ranged  from  2.5  to  7.2  jam. 
The  samples  were  attached  to  the  cold  finger  of  a  closed- 
cycle  refrigerator  and  cooled  down  to  the  desired  tempera¬ 
tures  for  optical  measurements.  For  conventional  reflection 
measurements,  quasimonochromatic  light  from  a  xenon  lamp 
dispersed  by  a  £-M  monochromator  was  focused  on  the 
samples  at  near-normal  incidence,  and  the  reflection  signals 
were  detected  using  a  lock-in  amplification  system.  A 
chopped  HeCd  laser  beam  was  used  to  provide  optical  modu¬ 
lation  when  the  photomoduiation  measurements  were  per¬ 
formed. 

Results  of  conventional  reflection  measurements  taken 
from  two  samples  of  GaN  on  sapphire  with  epilayer  thick¬ 
nesses  of  2.5  and  7.2  ji m  at  10  K  are  shown  in  Fig.  1.  The 
reflection  spectra  exhibit  three  spectral  resonances  corre¬ 
sponding  to  intrinsic  free-exciton  transitions  labeled  by 
A,  B ,  and  C  with  the  vertical  arrows.  The  excitons  re¬ 
ferred  to  as  the  A ,  B ,  and  C  excitons  are  related  to  the 
,  r^(upper  band)-!"?  and  r?  (lower  band)-T^  inter¬ 
band  transitions  in  GaN,  respectively.  The  C-exciton  signa¬ 
ture  appeared  weak  in  the  spectra  because  the  transition  pro¬ 
cess,  strictly  speaking,  is  theoretically  forbidden  for  the  wave 
vector  of  the  incident  light  along  the  c  axis  (kllc)  and  the 
polarization  perpendicular  to  the  axis  (Eic). 12,14  Of  most 
interest,  there  is  a  set  of  weak  but  resolvable  spectral  features 
marked  by  a  and  b  in  the  spectral  region  on  the  higher- 
energy  side  of  the  main  A  and  B  transitions  in  both  reflection 
spectra.  While  the  spectral  features  A,  B,  and  C  can  be  un¬ 
mistakably  identified  to  be  associated  with  intrinsic  free- 
exciton  transitions  in  the  spectra,  *13  the  nature  of  the  a  and 
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FIG.  L  Reflection  spectra  taken  from  a  2.5- pun  and  a  1.2- pun 
GaN  sample  at  10  K.  The  weak  spectral  structures  on  the  reflection 
curves  are  indicated  by  the  vertical  arrows.  The  difference  in  the 
energy  positions  of  A-,  B-,  and  C- exciton  resonances  between 
two  samples  are  caused  by  built-in  residual  strain. 

b  features  in  Fig.  1  is  not  immediately  clear.  We  found  that 
the  energy  separation  between  the  a  and  b  features  is  very 
close  to  the  separation  of  the  A-  and  5-exciton  transitions. 
The  individual  distance  between  the  A  exciton  and  the  a 
feature  as  well  as  the  B  exciton  and  the  b  feature  was  also 
found  to  be  about  the  same.  Similar  properties  were  observed 
in  the  exciton  spectrum  of  CdS  by  Thomas  and  Hopfield, 
which  led  to  the  determination  of  the  binding  energy  for  A 
and  B  excitons  in  the  material  by  attributing  the  correspond¬ 
ing  spectral  features  to  n  =  2  excited  exciton  states  based  on 
their  polarization  properties.14  However,  it  is  very  difficult  to 
use  a  polarization-dependent  approach  in  this  work  because 
of  the  very  limited  thickness  of  the  samples  used  and  the 
poor  signal-to-noise  ratio  of  the  a  and  b  features  in  the  re¬ 
flection  spectra.  Fortunately,  photomodulation  spectroscopy 
is  an  alternative  approach  capable  of  detecting  weak  signals 
so  as  to  accurately  determine  their  transition  energies  and 
make  a  positive  identification  for  the  nature  of  the  transi¬ 
tions.  As  illustrated  in  Fig.  2,  where  photomodulated  reflec¬ 
tance  (PR)  spectra  taken  from  a  sample  of  GaN  on  sapphire 
and  a  sample  of  GaN  on  SiC  are  given,  the  PR  spectra  not 
only  consist  of  a  series  of  sharp  structures  corresponding  to 
most  of  the  observed  spectral  features  in  the  reflection  spec¬ 
tra,  but  also  exhibit,  more  strikingly,  a  pronounced  enhance¬ 
ment  of  the  barely  observed  weak  spectral  structures  on  the 
reflection  curves  such  as  the  a  and  b  features. 

The  difference  between  conventional  reflection  and  pho¬ 
toreflectance  is  that  the  former  is  a  straightforward  reflectiv¬ 
ity  measurement  without  additional  optical  modulation,  and 
the  latter  is  a  differential  method  utilizing  modulation  of  the 
built-in  electric  field  through  photoinjected  carriers  by  a  pe¬ 
riodically  modulated  light  beam,  such  as  the  chopped  laser 
beam  used  in  this  work.  The  change  in  reflectivity,  A RIR, 


3.47  3.48  3.49  3.50  3.51  3.52  3.53  3.54 


Photon  Energy  (eV) 


3.46  3.47  3.48  3.49  3.50  3.51  3.52  3.53 

Photon  Energy  (eV) 

FIG.  2.  10-K  PR  spectrum  taken  from  the  1.2- pun  GaN/sapphire 
(a)  and  a  3.7 -pun  GaN/SiC  (b).  Open  circles  are  experimental  data, 
and  solid  lines  represent  the  best  result  of  the  least-squares  fit  to  the 
data.  The  identifications  of  the  various  spectral  features  are  given 
by  the  notations. 


due  to  the  modulation  may  be  expressed  as15 


A/?//?  =  aA61  +  ^A62,  (1) 


where  a  and  b  are  referred  to  as  Seraphin  coefficients  and 
are  related  to  the  unperturbed  dielectric  function  e-e j 
+  i€ 2>  while  A^j  and  A  e2  are  the  changes  in  the  real  and  the 
imaginary  parts  of  the  modulated  dielectric  function, 
respectively.15  The  differential  changes  in  the  reflectivity  ap¬ 
pear  as  sharp  derivativelike  line  shapes  in  the  modulated  re¬ 
flectance  spectrum,  corresponding  to  specific  transitions  in 
the  Brillouin  zone.  As  clearly  demonstrated  by  Fig.  2,  the 
weak  spectral  structures  such  as  a  and  b  could  be  barely 
observed  from  the  conventional  reflection  measurement,  but 
were  greatly  enhanced  in  the  PR  spectra. 

In  order  to  determine  the  energy  positions  associated  with 
the  various  observed  optical  transitions  and  identify  those 
unknown  spectral  features,  the  PR  spectral  features  are  fitted 
to  the  functional  form16-18 


idJ(E-Ej  +  iTj)-n} 


(2) 


■■  54 


BRIEF  REPORTS 


16  371 


where  C}  and  Oj  are  the  amplitude  and  phase  of  the  line 
shape,  and  Ej  and  Fj  are  the  energy  and  the  empirical  broad¬ 
ening  parameter  of  the  transitions,  respectively.  The  expo¬ 
nent  n  is  a  characteristic  parameter  which  depends  on  the 
type  of  critical  point  and  the  order  of  the  derivative.  The 
values  of  n  =  5f 2  and  n-  2,  which  correspond  to  three- 
dimensional  interband  and  excitonic  transitions, 
respectively,16,19  are  generally  used  to  fit  the  derivativelike 
spectral  structures.  We  found  that  the  line  positions  and 
widths  of  the  PR  spectral  features  could  only  be  fit  using 
n  —  2  due  to  their  excitonic  nature.  The  solid  lines  in  Fig.  2 
are  the  best  least-squares  fits  to  the  experimental  data  using 
Eq.  (2).  The  small  deviation  between  the  fit  and  the  experi¬ 
mental  data  on  the  higher-energy  side  of  the  main  PR  spec¬ 
tral  features  suggests  that  the  A-  and  B-exciton  profiles  at  10 
K  are  both  inhomogeneously  and  homogeneously  broadened. 
The  energy  positions  for  the  A-,  B-,  and  C-exciton  transi¬ 
tions  in  the  GaN/sapphire  sample  shown  in  Fig.  2(a)  are 
3.491,  3.499,  and  3.528  eV,  respectively.  These  values  are 
higher  than  those  obtained  from  virtually  strain-free  bulk 
GaN  reported  in  Refs.  4-6  due  to  the  effects  of  residual 
strain  caused  by  the  mismatch  of  lattice  parameters  and  ther¬ 
mal  expansion  coefficients  between  the  GaN  epilayer  and  the 
substrate.8,13,20  The  best  fits  result  in  an  energy  separation  of 
0.008  eV  between  the  a  and  b  features,  which  is  almost 
identical  to  the  A-B  separation,  and  a  0.016-eV  difference 
for  both  A- a  and  B-b  separations  within  experimental  error 
(=^0.001  eV).  Similar  properties  could  also  be  observed  in 
the  other  GaN  samples:  while  the  absolute  energy  position 
for  the  main  A-  and  B-exciton  transitions  varies  from  sample 
to  sample  slightly  due  to  the  influence  of  residual  strain,  the 
energy  differences  of  the  A-a  and  B-b  features  were  found 
to  be  ~0.016  eV  for  all  the  samples,  and  the  energy  separa¬ 
tion  between  the  a  and  b  features  was  found  to  closely  fol¬ 
low  that  between  the  main  A-  and  B-exciton  features  at 
lower  energies  for  each  individual  sample.  These  observa¬ 
tions  indicate  that  the  a  and  b  features  are  indeed  associated 
with  A-  and  B-exciton  transitions.  Therefore,  we  attribute  a 
and  b  to  the  n  =  2  excited  states  (2s)  of  the  excitons.  Such 
identifications  permit  a  direct  estimate  of  the  binding  energy 
for  A  and  B  excitons  from  the  separation  between  the  n  =  1 
and  n  =  2  states  for  excitons  assuming  the  hydrogenic  model 
based  on  the  effective  mass  approximation  is  applicable.  Ac¬ 
cording  to  Elliott’s  theory,21  exciton  energy  levels  are  given 
as 

En=-Eb!n\  (3) 

where  n  is  an  integer  and  Eb  is  the  binding  energy.  From  the 
results  presented  above,  we  obtain  a  binding  energy  of  Eb 
^0.021  ±0.001  eV  for  A  and  B  excitons.  This  can  be  further 
manifested  by  the  result  of  theoretical  fitting  to  the  extra 
spectral  structure  in  the  portion  of  the  PR  spectrum  between 
the  a  and  b  features.  We  found  that  it  is  necessary  to  intro¬ 
duce  one  more  oscillator  with  a  third-derivative  line  shape  to 
improve  the  fit  to  the  experimental  data.  The  good  agreement 
between  the  theoretical  fit  and  the  observed  spectrum  indi¬ 
cates  a  spectral  feature  corresponding  to  a  band-to-band  tran¬ 
sition  at  3.512  eV.  The  approximate  0.021-eV  energy  sepa¬ 
ration  from  this  band-to-band  signature  to  the  transition 
position  of  the  n  —  1  state  of  the  A  exciton  is  consistent  with 
the  estimated  binding  energy  for  the  exciton.  Therefore,  it 


originates  from  the  r9-T^  transition,  as  denoted  in  Fig.  2(a), 
which  corresponds  to  the  n  =  oo  state  for  the  excitonic  tran¬ 
sition. 

The  binding  energy  for  the  C  exciton  can  also  be  derived 
from  the  theoretical  fitting  to  the  PR  spectrum  taken  from  a 
3.7-yam  GaN  sample  grown  on  SiC  as  shown  in  Fig.  2(b) 
using  the  same  approach.  This  sample  exhibits  a  much  stron¬ 
ger  C-exciton  transition  signal  in  the  reflection  spectrum,  as 
shown  in  the  inset  of  the  figure,  compared  to  the  samples  of 
GaN  on  sapphire.  The  energy  positions  for  the  A-,  B-,  and 
C-exciton  transitions  in  this  sample  are  3.470,  3.474,  and 
3.491  eV,  respectively.  In  addition  to  the  derivativelike  spec¬ 
tral  features  arising  from  the  transitions  associated  with  the 
n  -  1  exciton  states  of  the  A,  B,  and  C  excitons,  the  spectral 
features  related  to  the  transitions  involving  the  n  =  2  exciton 
states  of  the  A  and  C  excitons  could  be  clearly  observed  in 
the  PR  spectrum.  The  best  fit  yields  a  0.0172-eV  energy 
separation  between  the  Is  and  2s  states  of  the  C  exciton, 
which  corresponds  to  a  binding  energy  of  -0.023  eV,  and 
retains  a  ~0.016-eV  difference  between  the  A  exciton 
(n=  1)  and  a  feature  as  indicated  in  the  figure. 

It  has  to  be  pointed  out  that  the  exciton  binding  energies 
given  above  are  estimated  under  the  assumption  of  an  isotro¬ 
pic  reduced  spherical  mass  for  the  excitons  in  GaN.  In  real¬ 
ity,  wurtzite  GaN  is  a  hexagonal  crystal  with  axial  symme¬ 
try:  the  effective-mass  equation  for  hydrogenic  states  should, 
in  principle,  be  modified  because  the  reduced  effective  mass 
as  well  as  the  dielectric  constant  is  actually  anisotropic.  Nev¬ 
ertheless,  the  results  presented  here  are  in  good  agreement 
with  the  theoretical  values  obtained  by  variational 
calculations22  (20.3  meV)  and  perturbation  theory23  (19.8 
meV)  based  on  the  hydrogenic  model.  In  addition,  a  reduced 
effective  exciton  mass  jjl  can  be  derived  from  our  results 
using  the  relation 

Eb-eA fji/2(A^he)1=  13.60ya/e2  eV,  (4) 

with  the  low-frequency  dielectric  constant  of  6=  9.5, 24  to  be 
/x^0.15m0.  The  obtained  value  is  consistent  with  the  value 
of  ~0.16m0  estimated  using  an  effective  mass  of  0.2m0  for 
the  electrons  and  0.8m0  for  the  holes  in  wurtzite  GaN.24 
Therefore,  the  simple  hydrogen  series  of  Eq.  (3)  is  still  a 
valid  approach  for  the  determination  of  the  binding  energy 
for  excitons  in  GaN. 

It  is  known  that  excitons  can  interact  strongly  with  pho¬ 
tons  to  form  a  mixed  state  referred  to  as  a  polariton  in  direct- 
gap  materials  due  to  spatial  dispersion  of  the  dielectric 
constant.25,26  It  is  interesting  to  estimate  the  longitudinal- 
transverse  splitting  energies  and  phenomenological  damping 
parameters  of  the  polaritons  associated  with  A  and  B  exci¬ 
tons  with  the  consideration  of  spatial  dispersion  (i.e.,  the 
wave-vector  dependence)  of  the  dielectric  function.  The 
wave-vector-dependent  dielectric  function  is  given  by26,27 

e(  <a,k)  =  eOT{  1  +  ( <a2L  -  <4)/( « u2  +  @k2  - /a>r)} . 

(5) 

Where  is  a  frequency-  and  wave-vector-independent 
background  dielectric  constant,  ojt  and  o)L  are  the  transverse 
and  longitudinal  resonance  frequencies  at  k  =  0,  and  F  is  the 
phenomenological  damping  constant.  The  spatial  dispersion 
is  described  by  f3k2  =  (ha)TIM)k2  with  M  as  the  effective 
exciton  mass.27  Figure  3  shows  a  comparison  of  the  theoreti- 
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FIG.  3.  Comparison  of  a  theoretical  fit  taking  into  account  spa¬ 
tial  dispersion  of  the  dielectric  function  to  the  10-K  reflection  spec¬ 
trum  of  2.5-/xm  GaN/sapphire  (kllc  and  E_Lc). 

cal  fit  using  Eq.  (5)  to  the  experimental  spectrum  taken  from 
the  2.5- (im  GaN/sapphire  sample.  The  dotted  lines  in  the 
figure  indicate  the  energy  positions  of  transverse  and  longi¬ 
tudinal  branches  of  the  A  and  B  excitons.  The  fitting  results 
suggest  that  the  energy  position  of  the  transverse  excitons 
(fia)T)  is  an  appropriate  reference  point  for  the  determination 
of  exciton  binding  energy  within  the  experimental  uncer¬ 


tainty.  The  best  fits  to  the  reflection  spectra  taken  from  vari¬ 
ous  samples  used  in  this  work  yield  a  longitudinal-transverse 
splitting  AL7(  =  —*  (Oj)  0.00 1  eV  and  a  damping  constant 

T~0. 00275/ft  eV  for  A-excitonic  polaritons,  and  ALr 
~0.0015eV  and T~ 0.003/ft eV  for  fl-excitonic  polaritons. 
However,  these  obtained  values  should  be  regarded  as  the 
lower  limit  for  since  the  influence  of  possible  mixing  of 
A-  and  i? -exciton  states  and  exchange  coupling  due  to  the 
small  energy  separation  was  not  taken  into  account  using  the 
simple  model  described  by  Eq.  (5). 

In  summary,  we  have  studied  the  excitonic  transitions  in 
high-quality  GaN  epitaxial  films  with  the  emphasis  on  esti¬ 
mating  the  binding  energy  for  the  intrinsic  excitons  in  GaN. 
Strong,  sharp  derivativelike  spectral  structures  of  exciton 
transitions  associated  with  the  ground  state  and  excited  states 
of  A,  B ,  and  C  excitons  in  GaN  epitaxial  layers  observed  in 
photoreflectance  spectra  enabled  us  to  accurately  determine 
the  transition  energies  and  make  positive  identifications  for 
those  structures.  Within  the  framework  of  the  effective-mass 
approximation,  we  were  able  to  make  a  straightforward  esti¬ 
mate  of  the  binding  energy  for  these  intrinsic  excitons.  With 
consideration  of  the  spatial  dispersion  of  the  dielectric  func¬ 
tion,  the  longitudinal-transverse  splittings  and  the  phenom¬ 
enological  damping  constants  of  A-  and  B -excitonic  polari¬ 
tons  in  GaN  were  also  estimated  by  theoretical  fitting  to  the 
conventional  reflection  spectra. 
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We  present  the  results  of  optical  studies  of  InitGaWxN  alloys  (0<.r<0.2)  grown  by  metalorganic 
chemical  vapor  deposition  on  top  of  thick  GaN  epitaxial  layers  with  sapphire  as  substrates. 
Photoluminescence  (PL)  and  photoreflectance  measurements  were  performed  at  various 
temperatures  to  determine  the  band  gap  and  its  variation  as  a  function  of  temperature  for  samples 
with  different  indium  concentrations.  Carrier  recombination  dynamics  in  the  alloy  samples  were 
studied  using  time-resolved  luminescence  spectroscopy.  While  the  measured  decay  time  for  the 
alloy  near-band-edge  PL  emissions  was  observed  to  be  generally  around  a  few  hundred  picoseconds 
at  10  K,  it  was  found  that  the  decay  time  decreased  rapidly  as  the  sample  temperatures  increased. 

This  indicates  a  strong  influence  of  temperature  on  the  processes  of  trapping  and  recombination  of 
excited  earners  at  impurities  and  defects  in  the  InGaN  alloys.  ©  1996  American  Institute  of 
Physics .  [S0003-695 1  (96)04748- 1  ] 


The  quest  for  light  emitting  devices  operating  in  blue 
and  ultraviolet  (UV)  spectral  regions  has  led  to  extensive 
studies  on  the  properties  of  wide  band-gap  semiconductor 
materials  for  years.  GaN  based  wide  band-gap  III— V  nitride 
systems  have  recently  attracted  much  attention  as  the  most 
promising  material  for  such  device  applications.1-3  Among 
these,  the  InvGaj_YN  alloy  system  is  of  particular  impor¬ 
tance  because  its  direct  band  gap  covers  a  wide  spectral 
range  from  UV  (^-365  nm  for  GaN  band  gap)  to  red 
(  —  650  nm  for  InN  band  gap).4,5  In  fact,  recently  commer¬ 
cialized  superbright  high-efficiency  blue  light  emitting  di¬ 
odes  and  demonstrated  current-injection  laser  diodes  are  all 
based  on  GaN/InYGaj  _^N  heterostructures  .  using 
InYGa,^YN  layers  as  the  active  light  emitting  medium.6,7  In 
this  report,  we  present  the  results  of  a  study  of  the  optical 
properties  of  InYGa|_TN  alloys  (0<x<0.2)  grown  on  top  of- 
thick  GaN  epilayers  by  metalorganic  chemical  vapor  deposi¬ 
tion  (MOCVD).  Photoluminescence  (PL)  measurements 
were  performed  to  assess  the  optical  properties  of  samples 
with  different  alloy  compositions.  Photomodulation  spectros¬ 
copy  was  used  to  determine  the  energy  gap  of  the  samples 
and  to  examine  the  effect  of  temperature  on  the  band  gap. 
Transient  luminescence  measurements  were  carried  out  to 
study  photoluminescence  decay  processes  in  the  alloy 
samples. 

The  InGaN  alloy  samples  used  in  this  work  were  nomi¬ 
nally  undoped  single-crystal  epifilms  grown  by  MOCVD. 
Before  the  depositions  of  alloys,  thick  GaN  layers  were 
grown  on  sapphire  substrates  at  a  temperature  of 
— 1050  °C  with  20-nm  GaN  buffers.  The  alloy  layers  were 
deposited  at  a  temperature  around  800  °C.  The  thicknesses 
of  the  InrGaj_>rN  epitaxial  layers  were  typically  around  a 
few  thousand  angstroms.  Optical  measurements  were  carried 
out  on  the  InGaN  samples  over  a  temperature  range  from  10 
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K  up  to  room  temperature  (295  K).  Samples  were  mounted 
onto  the  cold  finger  of  a  closed  cycle  refrigerator  and  cooled 
down  to  desired  temperatures  for  the  measurements.  Photo¬ 
luminescence  spectra  were  measured  using  an  experimental 
setup  consisting  of  a  HeCd  laser  as  the  excitation  source  and 
a  1-M  double-grating  monochromator  connected  to  a  photon¬ 
counting  system.  For  photomodulation  reflectivity  measure¬ 
ments,  quasimonochromatic  light  dispersed  by  a  1/2-M 
monochromator  from  a  xenon  lamp  and  a  chopped  HeCd 
laser  modulating  beam  were  focused  on  the  samples  and  the 
reflected  signals  were  detected  by  an  UV-enhanced  photo¬ 
multiplier  tube  connected  to  a  lock-in  amplification  and  data 
acquisition  system.  For  transient  luminescence  measure¬ 
ments,  a  frequency-doubled  pulsed  dye  laser  synchronously 
pumped  by  a  frequency-doubled  mode-locked  Nd:  YAG  laser 
was  used  as  the  primary  excitation  source  (2  ps,  76  MHz). 
The  luminescence  signals  were  dispersed  by  a  1/4  M  mono¬ 
chromator  and  detected  by  a  synchroscan  streak  camera  with 
a  temporal  resolution  of  2  ps.  The  overall  time  resolution  of 
the  system  is  less  than  15  ps. 

10-K  photoluminescence  (PL)  and  photoreflectance  (PR) 
spectra  of  an  In0  14Gao.86N  sample  are  shown  in  Fig.  1.  The 
PL  spectrum  (lower  curve)  exhibits  two  dominant  spectral 
features:  a  sharp,  strong  emission  line  at  higher  energy  aris¬ 
ing  from  the  near-band-edge  excitonic  transitions  in  GaN, 
and  a  relatively  broad  strong  luminescence  structure  related 
to  the  alloy.  The  weak  spectral  structures  observed  between 
them  were  mainly  luminescence  signatures  involving  donor- 
acceptor-pair  transitions  in  the  GaN  layer.  The  spectral  fea¬ 
ture  with  derivativelike  line  shapes  on  the  lower-energy  side 
of  the  PR  spectrum  (upper  curve)  corresponds  to  the  optical 
transition  associated  with  the  alloy  band  gap,  and  the  differ¬ 
ential  spectral  structures  at  high  energy  are  free-exciton  tran¬ 
sitions  from  the  edges  of  different  valence  bands  to  that  of 
the  conduction  band  of  wurtzite  GaN.  Photoreflectance  is  a 
spectroscopic  method  utilizing  modulation  of  the  built-in 
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FIG.  1.  PR  (upper  curve)  and  PR  (lower  curve)  spectra  of  a  In(M4Ga<,x,,N 
sample  at  10  K  are  shown  for  comparison. 

electric  Held  in  the  samples.  While  a  PR  spectrum  exhibits 
sharp  derivativelike  structures  on  a  featureless  background 
due  to  the  optical  modulation,  the  nature  of  the  derivative  is 
not  immediately  clear.  Therefore,  it  is  necessary  to  Ht  the  PR 
curve  to  different  line-shape  functional  forms8-9  in  order  to 
determine  the  energy  positions  associated  with  the  optical 
transitions.  We  found  that  using  a  third  derivative  Gaussian 
line-shape  functional  form  which  is  appropriate  for  describ¬ 
ing  band-to-band  transitions10,1 1  results  in  a  much  better  fit  to 
the  line  positions  and  widths  of  the  PR  spectra  than  using  a 
Lorentzian  functional  form.1113  This  suggests  that  the  optical 
transition  observed  at  even  the  lowest  temperature  is  of  the 
nature  of  band-to-band  transition  rather  than  excitonic  tran¬ 
sition.  presumably  because  of  the  strong  inhomogeneous 
broadening  due  to  alloying  effects.  The  best  fits  to  the  10-K 
PR  spectral  features  yield  an  energy  of  3.143  eV  for  the 
transition  in  ln0  !4Ga086N.  indicating  a  large  Stokes  shift 
('■-60  meV)  between  the  PL  peak  position  and  the  actual 
band-to-band  transition  energy. 

With  increasing  temperature,  the  PL  signal  from  the  al¬ 
loy  layer  quickly  lost  its  intensity  and  spectral  signature  due 
to  the  increasingly  enhanced  nonradiative  recombination 
processes  and  thermal  broadening  of  the  emission  structures, 
whereas  PR  spectral  structures  associated  with  the  InGaN 
band  gap  could  be  well  resolved  up  to  room  temperature  for 
all  alloy  samples  used.  Figure  2  shows  the  shift  of  optical 
transition  energy  as  a  function  of  temperature  for  the 
Ino.i4Ga<)K6N  sample.  The  solid  line  in  the  figure  represents 
the  best  Ht  to  the  Varshni  empirical  equation14 

E{)(T)  =  E{)(Q)-aT2/((3+T).  (1) 

where  £0(^)  is  the  transition  energy  at  0  K,  and  a  and  j3  are 
constants  referred  to  as  Varshni  thermal  coefficients.  The 
parameters  obtained  from  the  best  fit  tor  the  sample  are  given 
in  the  figure.  The  better  spectral  resolution  of  PR  spectros¬ 
copy  compared  to  PL  measurement  enables  us  to  determine 
the  actual  energy  gaps  tor  the  InGaN  alloy  samples  used  in 
this  work.  In  Fig.  3,  we  plot  the  measured  energy  gaps  of 
various  samples  at  10  and  295  K  against  their  alloy  compo¬ 
sitions,  with  10-K  PL  results  for  comparison.  Within  the  al¬ 
loy  composition  range  studied  in  this  work,  the  PR  results 
are  in  reasonably  good  agreement  with  the  theoretical  pre- 
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FIG.  2.  Temperature  dependence  of  interhand  transitions  energy  of  the 
ln(i.i4^*^o.sf»hf  sample.  The  solid  curve  represents  least-squares  fits  to  the 
experimental  data  using  Varshni  empirical  equation.  The  inset  shows  a 
room-temperature  PR  curve  of  the  sample. 

diction  for  the  dependence  of  the  InvGa|  _  YN  band  gap  on  In 
concentration  including  the  bowing  effect:  £( a* )  =  3.5 
- 2.63a*  +  1.02a*2  eV.15  These  measured  values  suggest  that 
the  uncertainty  in  determination  of  the  alloy  concentrations 
by  x-ray  measurements  is  -  I  %.  On  the  other  hand,  the  scat¬ 
tered  PL  data,  as  indicated  by  the  figure,  are  apparently  not  a 
reliable  way  to  map  energy  gap  evolution  for  the  alloy  sys¬ 
tem  because  the  PL  signals  are  most  likely  associated  with 
impurities  and  the  effects  of  alloy  disorder  broadening. 

We  have  also  performed  time-resolved  PL  measure¬ 
ments  ro  study  carrier  recombination  dynamics  in  the 
InvGa,  _  yN  samples.  Figure  4  shows  the  temporal  evolution 
of  spectrally  integrated  luminescence  associated  with  an 
Ino.iwGa()y2N  sample  as  selected  temperatures.  The  time  evo¬ 
lution  of  the  luminescence  is  dominated  by  exponential  de¬ 
cay  with  a  measured  effective  lifetime  around  340  ps  at  10 
K.  The  temporal  profile  of  the  luminescence  gradually 
evolved  into  an  increasingly  nonexponential  decay  with  a 
drastic  decrease  of  the  effective  lifetime  for  the  main  decay 


FIG.  3.  Energy  gups  of  various  samples  measured  by  PR  at  10  K  and  295  K 
vs  their  alloy  compositions.  10-K  PL  results  are  shown  for  comparison.  The 
solid  line  is  the  theoretical  prediction  for  the  dependence  of  the 
InvGa,  band  gap  on  In  concentration.  The  dotted  line  is  that  lor  room 
temperature  (295  K)  data. 
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FIG.  4.  Temporal  variation  of  the  alloy  PL  peak  for  an  Ino.()8Ga,W2N  sample 
at  selected  temperatures.  The  inset  shows  the  10-K  PL  spectrum  over  a 
broad  spectral  range. 

process  as  the  sample  temperature  increased.  At  temperatures 
around  150  K,  the  deduced  lifetime  for  the  PL  decay  has 
already  reached  the  limit  of  our  instrumental  resolution  of  15 
ps.  Similar  results  were  obtained  for  all  samples  used  in  this 
work:  the  measured  decay  time  for  near-band-edge  PL  emis¬ 
sions  was  generally  around  a  few  hundred  picoseconds  at  10 
K,  and  it  decreased  rapidly  as  sample  temperatures  increased. 
The  measured  decay  time  was  examined  as  a  function  of 
energy  positions  of  the  10-K  PL  peak  shown  in  the  inset  of 
Fig.  4.  The  reason  for  doing  so  is  to  verify  whether  the  PL 
structure  resulted  from  recombination  of  localized  excitons 
or  emission  directly  involving  impurity  states  and  alloy  po¬ 
tential  fluctuations.16,17  If  the  PL  emission  originated  from 
localized  excitons  in  the  InGaN  alloys,  the  lifetime  is  pre¬ 
dicted  to  follow  the  so-called  power-law  dependence,18  i.e., 
where  E[iX  is  the  exciton  localization  energy.  That 
means  the  measured  lifetimes  increase  with  increasing  exci¬ 
ton  localization  energy  which  corresponds  to  a  decrease  in 
electron-hole  wave  function  overlap.  Our  experimental  re¬ 
sults  did  not  exhibit  such  a  three-halves  dependence  of  mea¬ 
sured  effective  lifetime  upon  the  energy  position,  suggesting 
impurity  states  and  alloy  potential  fluctuations  are  most 
likely  responsible  for  the  alloy  PL  signals. 

Although  the  radiative  recombination  processes  involved 
in  PL  emissions  in  the  InGaN  samples  are  not  of  excitonic 
nature  as  mentioned  previously  it  is  still  worthy  to  make  a 
comparison  of  the  results  obtained  in  this  work  with  the  ex¬ 
citonic  emission  decay  processes  observed  in  pure  GaN.19 
While  the  measured  effective  lifetime  for  PL  decay  in  InGaN 
samples  was  found  to  be  an  order  of  magnitude  longer  than 
that  in  GaN,  the  dependence  of  the  PL  decay  process  on  the 
temperature  in  InGaN  alloys  is  much  stronger  than  that  in 
GaN.20  Such  a  strong  temperature  influence  suggests  that 
although  recombination  from  carriers  bound  to  extrinsic 
states  such  as  defects  or  impurities  can  be  very  efficient  at 
low  temperatures,  the  measured  decay  time  is  still  deter¬ 
mined  by  detailed  decay  kinetics  in  the  alloy  samples.  The 
observed  decrease  of  the  PL  decay  time  along  with  the  in¬ 
creasingly  nonexponential  transient  characteristics  with  tem¬ 
perature  indicates  that  incrementally  stronger  nonradiative 
relaxations  occur  as  the  temperature  increases,  resulting  in 


continued  faster  decay  of  the  photogenerated  carrier  popula¬ 
tion.  The  decrease  of  PL  in  both  intensity  and  observed  ef¬ 
fective  lifetime  with  temperature  suggests  that  nonradiative 
processes  including  trapping  and  recombination  at  enemy 
levels  associated  with  impurities  and  defect  centers  at  or  near 
the  midgap  (Shockley-Read-Hall  recombination),  surface 
recombination,  and  Auger  recombination  prevail  in  the 
InGaN  alloys  at  relatively  high  temperatures.  It  is  well 
known  that  the  lifetime  of  photogenerated  carriers  is  stronsly 
dependence  on  the  sample  quality  for  semiconductor  alloy 
systems.17  The  observations  reported  here  indicate  that  the 
impurities  and  defects  incorporated  during  the  InGaN  epitax¬ 
ial  growth  generate  PL  quenching  centers  in  the  layers  which 
adversely  affect  the  carrier  radiative  recombination. 

In  conclusion,  we  have  studied  optical  transition  pro¬ 
cesses  in  InvGa,  _  VN  alloys  using  a  few  different  approaches 
including  both  conventional  and  time-resolved  PL  measure¬ 
ments  as  well  as  PR  spectroscopy  .  The  highly  sensitive  PR 
spectroscopy  allows  us  to  unambiguously  determine  the  band 
gap  energy  for  the  alloy  samples  within  the  alloy  composi¬ 
tion  range  (0<.t<0.2)  studied.  We  found  that  the  low- 
temperature  PL  emission  from  alloy  layers  are  primarily  re¬ 
combinations  directly  involving  impurity  states  and  alloy 
potential  fluctuations.  Strong  dependence  of  PL  decay  on 
temperature  observed  in  the  various  alloy  samples  indicates 
that  the  trapping  and  recombination  of  photogenerated  carri¬ 
ers  at  impurities  and  defect  centers  are  dominant  channels  in 
determining  the  carrier  population  decay  process. 
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We  present  the  results  of  spectroscopic  studies  on  GaN  based  epitaxial  materials  on  SiC  substrates 
by  metalorganic  chemical  vapor  deposition.  A  variety  of  techniques  has  been  used  to  study  the 
optical  properties  of  GaN  epilayers  and  GaN/AlGaN  heterostructures.  Sharp  spectral  structures 
associated  with  the  intrinsic  free  excitons  were  observed  by  photoluminescence  and  reflectance 
measurements  from  GaN  based  materials  grown  on  SiC  substrates.  The  residual  strain  was  found  to 
have  a  strong  influence  in  determining  the  energies  of  exciton  transitions.  Picosecond  relaxation 
studies  of  exciton  decay  dynamics  suggest  that  an  AlGaN  cladding  layer  with  a  small  mole  fraction 
of  AIN  can  be  relatively  effective  in  enhancing  the  radiative  recombination  rate  for  excitons  by 
reducing  the  density  of  dislocations  and  suppressing  surface  recombination  velocity  in  the  GaN 
active  layer  for  the  GaN/AlGaN  heterostructure  samples.  ©  1996  American  Institute  of  Physics. 
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GaN  based  wide  band-gap  III-V  nitride  semiconductors 
have  been  extensively  studied  for  their  device  applications, 
such  as  high-power  amplifiers,  UV,  blue,  green,  and  yellow 
light-emitting  diodes  (LED’s),  and  short- wavelength  laser 
diodes.1-3  Observation  of  optically  pumped  stimulated  emis¬ 
sion  in  GaN  epifilms  has  led  to  increased  interest  in  the  de¬ 
velopment  of  efficient  nitride  UV-visible  light  emitters.4,5  In 
fact,  superbright  high-efficiency  blue  LED’s  have  recently 
been  commercialized  and  current-injection  laser  diodes 
based  on  nitride  heterostructures  have  been  reported  by  the 
Nichia  group.6’7  So  far,  the.  majority  of  research  activities, 
including  the  assessment  of  material  properties  and  the  de¬ 
velopment  of  devices,  has  concentrated  on  nitrides  grown  on 
sapphire  substrates,  although  its  lattice  parameter  and  coef¬ 
ficient  of  thermal  expansion  are  significantly  different  from 
that  of  any  III  nitrides.  An  alternative  substrate  material  for 
Ill-nitride  epitaxial  growth  is  SiC.  It  has  many  advantages 
over  sapphire  in  terms  of  nitride  epitaxy  deposition  and  de¬ 
vice  fabrication:  close  match  of  lattice  parameters  and  coef¬ 
ficient  of  thermal  expansion  to  that  of  III  nitrides;  higher 
thermal  conductivity  of  SiC  offers  greater  power  handling 
and  improved  reliability;  and  both  n-  and  p- type  electrical 
conductivity  can  be  achieved  allowing  vertical  device  struc¬ 
ture.  In  this  report,  we  present  the  results  of  optical  studies  of 
the  properties  of  GaN  epilayers  and  GaN/AlGaN  heterostruc¬ 
tures  grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  on  6H-SiC  (0001)  substrates.  The  effects  of 
strain  on  the  exciton  transitions  in  the  GaN  epitaxial  materi¬ 
als  on  SiC  were  examined  and  compared  with  those  observed 
in  the  GaN  epilayer  on  sapphire  samples.  The  dynamics  of 
photoexcited  excess  carriers  in  the  region  of  near-band-edge 
excitonic  emissions  were  investigated  by  transient  lumines¬ 
cence  spectroscopy  in  the  picosecond  regime. 
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Samples  used  in  this  study  were  all  nominally  undoped 
single-crystal  films  grown  on  (0001)  6H-SiC  substrates  by 
MOCVD.  AIN  buffers  were  deposited  on  the  substrates  be¬ 
fore  the  growth  of  GaN.  GaN  layers  were  deposited  at 
1050  °C  directly  on  the  AIN  buffers.  The  GaN/AlGaN  het¬ 
erostructures  used  in  this  work  included  both  double  hetero¬ 
structure  (DH)  samples  and  separate  confinement  hetero¬ 
structure  (SCH)  samples.  The  DH  and  SCH  structures  were 
deposited  on  GaN  epilayers  with  the  thickness  typically 
around  three  microns.  The  particular  DH  structure  under  dis¬ 
cussion  has  an  ~800  A  thick  GaN  active  layer,  surrounded 
by  a  few  thousand  A  Al0  iGa^N  cladding  layers.  The  SCH 
structure  consists  of  a  100  A  thick  GaN  quantum  well,  with 
an  AljGa^N  cladding  layer  and  a  lower  mole  fraction 
AljGai  _XN  waveguide  layer  symmetrically  locating  on  each 
side.  The  nominal  A1  compositions  are  1 1  %  and  6%,  respec¬ 
tively.  Conventional  photoluminescence  (PL)  spectra  were 
measured  with  either  a  cw  HeCd  laser  (325  nm)  or  a 
frequency-doubled  Ar+  laser  (244  nm)  as  the  excitation 
source  and  a  1-M  double-grating  monochromator  connected 
to  a  photon-counting  system.  For  reflectance  measurements, 
the  quasimonochromatic  light  dispersed  by  a  {-M  monochro¬ 
mator  from  a  xenon  lamp  was  focused  on  the  sample,  and  the 
reflectance  signals  were  detected  using  a  lock-in  amplifica¬ 
tion  system.  Time-resolved  photoluminescence  (TRPL)  mea¬ 
surements  were  performed  using  a  frequency  tunable  pulsed 
laser  (2  ps  pulse  duration,  76  MHz)  as  an  excitation  source 
and  a  streak  camera  (2  ps  resolution),  in  conjunction  with  a 
j-M  monochromator  as  a  detection  system. 

The  GaN  based  samples  studied  in  this  work  exhibit 
strong  near-band-edge  exciton  luminescence.  Results  of  PL 
spectroscopy  from  a  3.7-/xm  GaN  epilayer  sample  are  shown 
in  Fig.  1  at  selected  temperatures.  The  intensity  of  the  stron¬ 
gest  emission  line  marked  by  BX  in  Fig.  1  was  found  to 
decrease  much  faster  than  that  labeled  FX  as  the  temperature 
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FIG.  L  Near- band-edge  exciton  luminescence  spectra  taken  from  a  3.7-/zm 
GaN  epilayer  on  SiC  at  selected  temperatures. 


increased.  It  became  hardly  resolvable  at  the  temperatures 
higher  than  100  K  (not  shown).  Such  variations  of  the  lumi¬ 
nescence  intensity  as  a  function  of  temperature  indicate  that 
the  emission  line  can  be  attributed  to  the  radiative  recombi¬ 
nation  of  excitons  bound  to  neutral  donors.  The  second 
strongest  luminescence  structure,  together  with  the  weak 
emission  feature  on  the  higher  energy  side,  can  be  assigned 
to  intrinsic  free-exciton  emissions.  Figure  2  shows  a  reflec¬ 
tance  spectrum  taken  from  the  sample  at  10  K.  Three  exciton 
resonances  associated  with  the  transitions  referred  to  as  the 
A,  B,  and  C  exciton  transitions8,9  between  the  bottom  of  the 
conduction  band  (T7 )  and  three  topmost  valence  band  edges 
(T9v+r7v+r7v)  are  indicated  by  vertical  arrows.  The  energy 
positions  of  these  transitions  are  3.470,  3.474,  and  3.491  eV, 
respectively.  We  note  that  the  values  of  the  transition  ener¬ 
gies  obtained  here  are  lower  than  those  reported  in  the 
literature,9'11  for  example,  3.485,  3.493,  and  3.518  eV,  for 
GaN  on  sapphire  substrates.10  Such  discrepancy  can  be  at- 


Photon  Energy  (eV) 


FIG.  2.  Reflectance  spectrum  of  the  exciton  transition  region  of  the 
MOCVD  GaN/SiC  sample  at  10  K.  The  oscillatory  structures  at  lower  en¬ 
ergy  are  interference  effects  caused  by  the  heterointerface. 


FIG.  3.  10-K  PL  spectra  of  a  DH  and  a  SCH  sample  grown  on  SiC.  The 
inset  illustrates  the  exciton  transition  signatures  of  the  GaN  active  layer  in 
the  DH  sample  measured  by  reflectance  spectroscopy. 


tributed  to  the  effects  of  residual  strain  in  the  epilayers  due  to 
the  mismatch  of  lattice  parameters  and  coefficients  of  ther¬ 
mal  expansion  between  GaN  and  the  substrate  materials.11,12; 
Because  of  the  inevitable  occurrence  of  strain  relaxation  by  -f 
the  formation  of  a  large  density  of  dislocations,  it  is  gener-^ 
ally  difficult  to  separate  the  strain  effects  caused  by  lattice-;! 
parameter  mismatch  from  the  ones  involving  thermal—! 
expansion  mismatch  so  as  to  exactly  determine  their|j 
influences  on  the  optical  properties  of  GaN  epitaxial  layers!! 
However,  by  comparing  the  observed  exciton  transition  en-s 
ergies  in  GaN  epilayers  deposited  on  sapphire  and  SiC  to  thelf 
values  (3.4751,  3.4815,  and  3.503  eV)  obtained  from  virtu-Jf 
ally  strain-free  bulk  GaN  reported  in  Ref.  9,  one  can  inferfL 
that  the  overall  effects  of  residual  strain  generated  in  GaN  on|jj 
sapphire  is  compressive,  which  results  in  an  increased  band  | 
gap,  while  the  stress  induced  in  GaN  on  SiC  is  tensile,  which  f 
leads  to  a  decrease  in  measured  exciton  transition  energies.^ 
Therefore,  we  conclude  that  residual  strain  induced  by^ 
thermal-expansion  mismatch  in  GaN  based  epitaxial  layers  ;; 
has  the  prevailing  influence  on  the  energy  variations  of  ex-^ 
citon  transitions,  since  lattice-mismatch  induced  strain  has  aij 
completely  opposite  effect  on  the  variation  of  the  GaN  bancL| 
gaP- 

Figure  3  shows  the  10  K  PL  spectra  of  the  DH  and  SCHT 
samples.  The  inset  highlights  the  signatures  of  intrinsic  free  | 
exciton  transitions  observed  by  reflectance  measurements^ 
from  the  GaN  active  layer  of  the  DH  structure.  The  emission 
peaks  at  the  energy  position  around  3.47  eV  in  the  PL  spec-/* 
tra  are  exciton  luminescence  from  the  GaN  active  layers  in  | 
these  two  heterostructures.  The  peak  position  of  the  SCH.| 
GaN  active  layer  was  found  to  be  ~10  meV  higher  than  that;| 
of  the  DH  GaN  layer.  The  blue  shift  might  be  due  to  quan¬ 
tum  confinement  effects.  By  using  the  envelope  function  ap^ 
proximation  approach,13  the  lowest  confinement  energy  canJ| 
be  readily  calculated,  with  electron  the  effective  mass 
—'0.2 m0  and  the  hole  effective  mass  m*~0.8tt20,14  to  bcjg 
—  10  meV  for  electrons  and  ~3  meV  for  holes  in  a  100**^ 
single  GaN  quantum  well  with  Al006Gaf)94N  barriers. 
estimation  is  consistent  with  the  experimental  observation* 
The  strong  and  relatively  broad  emission  structures  at 
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FIG.  4.  Comparison  of  PL  decay  of  exciton  emissions  in  the  GaN  DH 
sample  and  an  epilayer  sample.  The  curves  are  vertically  displaced  for  clar¬ 
ity. 

energies  are  luminescence  associated  with  AlGaN  layers  as 
labeled  in  the  figure.  The  doublet  spectral  feature  related  to 
AlGaN  alloys  in  the  DH  sample  presumably  arises  from  a 
small  alloy  concentration  difference  between  two  AlGaN 
cladding  layers.  If  this  is  the  case,  the  observed  energy  sepa¬ 
ration  of  —25  meV  suggests  that  slightly  less  than  a  1  %  alloy 
concentration  fluctuation  occurred  during  the  preparation  of 
DH  structure  by  MOCVD  growth.  However,  the  rather  com¬ 
plicated  spectral  structure  on  the  lower  energy  side  of  the 
main  emission  peak  exhibited  by  the  alloy  waveguiding  lay¬ 
ers  in  the  SCH  sample  cannot  be  simply  assigned  to  the 
deviation  in  A1  compositions  between  the  two  layers.  This  is 
an  issue  requiring  further  study. 

We  have  also  performed  time-resolved  PL  measure¬ 
ments  to  study  the  dynamics  of  exciton  luminescence  in  the 
GaN  active  layer  of  the  DH  structure.  In  order  to  avoid  gen¬ 
erating  carriers  in  the  AlGaN  cladding  layers  and  to  prevent 
the  profound  effects  of  carrier  diffusion  from  barrier  layers 
into  the  active  layer,  the  photon  energy  of  the  picosecond 
pulsed  laser  was  tuned  to  very  closely  to  the  band  gap  of 
GaN  with  an  excitation  wavelength  at  —345  nm.  Figure  4 
presents  the  time  evolution  of  bound-exciton  emission  ob¬ 
served  in  the  GaN/AlGaN  DH  sample,  where  a  typical  PL 
time-decay  curve  from  a  GaN  epitaxial  film  taken  under  the 
same  experimental  conditions  is  also  given  for  comparison. 
Both  samples  were  deposited  on  SiC  substrates  under  similar 
growth  conditions  except  that  the  DH  structure  was  depos¬ 
ited  on  top  of  one  of  them.  As  shown  in  the  figure,  the 
measured  decay  time  for  the  bound  exciton  emission  in  the 
DH  sample  was  found  to  be  (—75  ps)  twice  as  longer  as  that 
in  the  GaN  epilayer  (-35  ps).  Recent  exciton  dynamic  stud¬ 
ies  have  revealed  that  the  capture  of  excitons  and  trapping  of 
carriers  by  nonradiative  centers  at  defects  and  impurities  play 
a  major  role  in  the  recombination  processes  responsible  for 
the  exciton  population  decay  in  GaN  samples.15  However,  it 
is  unclear  whether  or  not  dislocations  behave  like  nonradia¬ 
tive  recombination  centers.  The  results  presented  here  sug¬ 
gest  that  dislocations  most  likely  involve  the  nonradiative 
recombination  processes.  The  increase  in  the  exciton  PL  de¬ 
cay  time  observed  in  the  DH  sample  indicates  that  the  den¬ 
sity  of  nonradiative  recombination  centers  in  the  GaN  active 


layer  of  the  DH  sample  is  smaller  than  that  of  the  bare  GaN 
epilayer.  The  AlGaN  cladding  layers  could  be  a  factor  in  the 
enhancement  of  the  radiative  recombination  rate  by  reducing 
the  density  of  dislocations  in  the  GaN  active  layer,  since  it  is 
known  that  a  heterostructure  system  with  built-in  strain  can 
significantly  reduce  the  density  of  defects  such  as 
dislocations.16  In  addition,  the  deposition  of  a  cladding  layer 
on  top  of  the  GaN  active  layer  could  have  passivated  the 
surface  states  resulting  in  a  reduction  in  the  nonradiative  re¬ 
combination  velocity  of  the  photoexcited  carriers  on  the  bare 
surface  and  in  its  vicinity. 

In  conclusion,  strong,  sharp  spectral  structures  associ¬ 
ated  with  exciton  transitions  in  GaN  epitaxial  layers  and 
GaN/AlGaN  heterostructures  grown  on  6H-SiC  substrates 
by  MOCVD  were  observed  in  photoluminescence  and  reflec¬ 
tance  spectra.  The  observation  of  exciton  transitions  with 
lower  energies  in  the  epitaxial  GaN  based  materials  grown 
on  SiC  compared  to  that  on  sapphire  substrates  suggests  that 
the  GaN  based  epilayers  on  SiC  substrates  are  subject  to 
tensile  strain,  while  those  on  sapphire  substrates  are  under 
compression.  The  residual  strain  induced  by  lattice- 
parameter  and  thermal-expansion  mismatch  plays  an  impor¬ 
tant  role  in  determining  the  exciton  transition  energies.  In 
addition,  our  picosecond  relaxation  study  of  exciton  decay 
dynamics  suggests  that  for  the  GaN/AlGaN  heterostructure 
samples,  an  AlGaN  cladding  layer  with  a  small  mole  fraction 
AIN  can  be  relatively  effective  in  enhancing  the  radiative 
recombination  rate  for  excitons  as  a  result  of  reducing  the 
density  of  dislocations  and  suppressing  surface  recombina¬ 
tion  velocity  in  the  GaN  active  layer. 
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Abstract 

GaN  films  and  GaN/AIGaN  heterostructures  have  been  gro  wn  by  MBE.  GaN  films  doped  with 
varying  levels  of  Mg  indicate  effective  mass  acceptor  at  low  doping  concentrations,  as  determined 
from  strong  photoluminescence  emission  at  about  380  nm.  As  the  Mg  concentration  is  increased 
the  photoluminescence  emission  line  red  shifts  considerably,  indicating  the  formation  of  Mg-related 
or  induced  complexes  whose  lifetimes  are  relatively  short.  GaN/AIGaN  separate  confinement 
heterostructures  grown  on  sapphire  show  strong  near  ultraviolet  stimulated  emission  at  room 
temperature  in  a  side-pumping  configuration.  The  pumping  threshold  for  stimulated  emission  at 
room  temperature  was  found  to  be  -90  kW/cm2.  Initial  GaN  films  grown  on  ZnO  substrates  show 
the  A  exciton  in  low  temperature  photoluminescence.  ZnO  is  being  considered  for  nitride  growth 
because  of  its  stacking  order  and  close  lattice  match. 

*  On  sabbatical  leave  at  Wright  Laboratory  on  a  University  Resident  Research  Program  funded  bv 


Introduction 

Unlike  Si  and  GaAs  technologies,  devices  based  on  group-in  nitrides  are  capable  of  operating  at 
high  temperatures  and  hostile  environments  as  well  as  emitters  and  detectors  for  wavelengths 
shorter  than  green1-2-3-4.  Most  notable  of  the  group-m  nitrides  are  AIN,  GaN,  InN  and  their 
alloys,  which  are  all  wide  bandgap  semiconductors.  They  crystallize  in  both  wurtzite  and 
zincblende  polytypes,  the  former  being  the  more  stable  phase.  Wurtzitic  GaN,  AIN  and  InN  have 
direct  room  temperature  bandgaps  of  3.4,  6.2,  and  1.9  eV,  respectively.  The  group-m  nitrides 
thus  formed  span  a  continuous  range  of  direct  bandgap  energies  throughout  much  of  the  visible 
spectrum  well  into  the  ultraviolet  wavelengths.  This  is  one  of  the  reasons  fueling  the  recent  interest 
in  GaN,  AIN,  InN,  and  their  tertiary  alloys  for  short  wavelength  optoelectronic  device 
applications.  These  optoelectronic  devices,  especially  emitters  such  as  the  light  emitting  diodes 
(LEDs)  and  lasers,  can  be  active  in  the  yellow,  green,  blue,  and  ultraviolet  (uv)  wavelengths.3 
LEDs  have  expanded  remarkably  not  only  in  terms  of  the  range  of  wavelengths  Of  emission 
available,  but  also  brightness6-7-3.  These  LEDs  have  proved  to  be  reliable  and  have  applications, 
for  example,  in  displays,  lighting,  indicator  lights,  advertisement,  traffic  signs  and  traffic  signals, 
possibly  light  sources  for  accelerated  photosynthesis,  and  medicine  for  diagnosis  and  treatment 
9,10,11,12.13.14,15.  As  for  coherent  sources,  they  are  crucial  for  high  density  optical  read  and  write 
technologies.  Because  the  diffraction  limited  optical  storage  density  increases  roughly 
quadratically  as  the  probe  laser  wavelength  is  reduced,  nitride  based  coherent  sources  at 
wavelengths  down  to  uv  are  attracting  a  good  deal  of  attention. 
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Many  of  the  difficulties  besetting  nitrides  have  recendy  been  overcome  or  are  about  to  be 
overcome.  Despite  disappointing  results  early  on,  p-type  conductivity  has  been  achieved  for  GaN 
AIN,  and  some  of  their  alloys.  On  the  metal  contact  front,  specific  contact  resistivities  have  steadily 

dropped  to  below  10*7  Qcnr2.  While  the  recent  developments  in  GaN  and  related  compounds  have 
b^n  truly  breathtaking,  further  progress  in  this  material  system  hinges  on  the  reduction  of  defects 
which  is  closely  tied  to  substrates.  Ultimately,  substrates  with  close  lattice  match  and  stacking 
order  match  to  GaN  or  InGaN,  most  likely  native  substrates,  may  be  necessary  to  achieve  the 
potential  performance.  In  this  article  we  will  discuss  our  recent  effort  in  the  growth  and 
characterization  of  GaN  and  GaN/AlGaN  heterostructures. 

Experimental 


The  structures  were  grown  by  Reactive  MBE.  The  chamber  pressure  was  kept  at  2-5x10*5  Ton- 
dunng  film  growth,  and  the  substrate  temperature  was  varied  between  610  and  820  *C  which  was 
monitored  by  a  pyrometer  focused  on  the  surface  of  the  growing  film.  Sapphire  substrates  were 
degreased  with  organic  solvents,  and  etched  in  a  hot  solution  of  ff,S04  and  H3P04  (H2S04 : 
H3P04  =  3  :  1)  for  about  20  mins.  They  were  then  rinsed  with  deionized  (DI)  water  and  dried  by 
blowing  filtered  nitrogen.  Nitridation  was  performed  by  exposing  sapphire  substrates  to  a  nitrogen 
flux  for  5-15  mins,  at  800  C.  Prior  to  the  GaN  growth,  about  650  A  of  AIN  was  grown  on 
sapphire  at  a  growth  temperature  of  800  'C.  Note  that  this  growth  is  decidedly  different  from  that 
with  the  low  temperature  buffer  layers  employed  in  the  MOCVD  process. 

Separate  Confinement  Heterostructures 


The  GaN/AlGaN  separate  confinement  heterostructure  has  a  600  A  thick  AIN  layer,  direcdy  °rown 
on  sapphire,  followed  by  a  GaN  butfer  layer,  an  AlGaN  cladding  layer,  a  low  mole  fraction0 
AKiaN  waveguide  layer,  a  70  A  thick  GaN  quantum  well  which  is  capped  by  a  low  mole  fraction 
AIGaN  waveguide  and  an  AlGaN  cladding  layer.  The  quantum  well  was  doped  with  Si  to  a  level 
of  5x10*7  cm  5.  Samples  having  a  size  of  3x1  mm2  were  cut  and  mounted  on  a  sapphire  heat 
sink,  which  were  then  attached  to  copper  sample  holders  for  optical  pumping  experiments.  16 
Under  low-excitation,  the  room  temperature  spectra  exhibit  a  relatively  weak  and  broad  emission 
teature  with  the  peak  position  around  365  nm,  and  the  emission  intensity  linearly  increases  with 
the  excitation  power  density.  As  the  excitation  power  density  increases,  a  sharp  narrow  emission 
teature  appears  on  the  higher  energy  side  of  the  spontaneous  emission  peak.  The  position  of  the 
maximum  of  this  newly  emerged  emission  feature  is  at  -361.5  nm.  Its  emission  intensity  increases 
super  linearly  with  the  excitation  power.  This  new  emission  structure  becomes  the  dominant 
feature  as  the  pumping  power  density  is  further  increased.  Spectral  narrowing,  super  linear 
increase  m  intensity  with  the  excitation  power  density,  as  well  as  the  complete  suppression  of  the 
broad  emission  background,  are  characteristics  of  stimulated  emission. 

The  onset  of  the  steep  rise  of  the  emission  intensity  marks  the  threshold  for  stimulated  emission. 
The  pumping  threshold  for  stimulated  emission  was  determined  to  be  -90  kW/cm2  for  our 
GaN/AlGaN  SCH  sample.  The  measured  threshold  value  is  approximately  one  order  of  magnitude 
less  than  our  previously  reported  value  for  the  GaN  bulk-like  films  grown  by  metalorganic 
chemical  vapor  deposition. 17  Generally,  the  threshold  value  can  be  affected  by  parameters  which 
are  dependent  on  the  pumping  source  and  quality  of  the  sample  and  the  facets.  The  specimens  were 
just  small  pieces  simply  cut  off  from  the  large  GaN/AlGaN  SCH  wafer  with  no  attempt  to  finesse 
the  cut  surfaces.  Difficulties  of  forming  high  quality  facets  in  sapphire  are  well  known  This 
provides  the  basis  for  our  optimism  that  the  pumping  power  threshold  for  stimulated  emission 
lasing  in  GaN  can  be  lowered  substantially  with  improved  facets,  possibly  brought  about  by 
employing  other  substrates  such  as  ZnO  and  spinnel  which  are  much  more  amenable  to  cleaved 
facet  formation. 


Mg  Doped  GaN 

As  in  any  wide  bandgap  semiconductor,  p  type  doping  in  GaN  and  related  materials  is  rather 
complex.  In  GaN  for  example,  while  the  effective  mass  like  acceptor  is  about  200  meV  from  the 
valence  band.  Mg  doped  GaN  exhibits  emission  at  centers  which  are  about  0.5  eV  above  valence 
band  when  the  Mg  concentration  exceeds  a  certain  level.  In  optical  spectra,  two  broad  emission 
bands  of  about  290  (dominant  for  T  <  150  K)  and  550  meV(dominant  for  T  >  150  K)  below  the 
band  gap  appear.  Typical  continuous-wave  (CW)  PL  spectrum  of  p-type  GaN  layers  at  10  K  is 
dominated  by  a  band  at  about  3.21  eV  which  nearly  disappears  for  T  >  150  K.  As  the  temperature 
is  increased  above  150  K,  a  weak  emission  band  at  -2.95  eV  appears.  Moreover,  the  peak  position 
of  the  lower  energy  emission  red  shifts  considerably  as  the  Mg  doping  level  is  increased.  At  room 
temperature,  the  peak  position  of  this  lower  energy  emission  band  can  be  varied  from  430  to  about 
700  nm. 


In  order  to  explore  the  physical  origin  of  the  observed  emission  lines,  their  dynamical  behaviors 
have  been  studied.18  At  low  temperatures,  PL  decay  is  non  exponential,  but  can  be  approximated 
by  two  exponential  decay  The  typical  lifetime  of  the  fast  component  which  contributes  90  percent 
of  the  PL  signal  is  about  0.6  ns,  and  the  slow  component  is  about  5.0  ns.  In  the  temperature 
region  T  <  150  K  where  the  3.21  eV  emission  band  dominates,  the  recombinadon  lifetime 
decreases  progressively  from  0.6  to  0.3  ns  as  temperature  increases  from  10  to  140  K.  This 
behavior  can  be  accounted  for  by  an  increased  nonradiadve  recombinadon  rate  at  higher 
temperatures,  caused  by  the  nonradiadve  carrier  transfer  to  the  lower  energy  recombinadon 
channels.  This  is  consistent  with  the  observadon  of  the  thermal  quenching  of  the  3.21  eV  emission 
line  and  the  subsequent  increase  in  the  emission  intensity  of  the  lower  energy  band  at  2.95  eV  with 
temperature. 

In  the  higher  temperature  region  (T  >  150  K)  where  the  lower  energy  emission  band  (-2.95  eV  at 
T  <  150  K)  dominates,  the  fast  decay  component  contributes  nearly  95  percent  of  the  PL  signal  and 
consequently  the  decay  kinedcs  of  PL  are  nearly  single  exponential.  The  temperature  dependence 
of  the  recombinadon  lifetime  of  the  lower  energy  emission  band  indicates  an  increase  with 
temperature  reaching  0.3  at  room  temperature.  This  is  due  to  the  carrier  transfer  from  the  3.21  eV 
recombinadon  channel  as  discussed  above. 

The  observed  sub  nanosecond  PL  recombinadon  lifetimes  suggest  that  the  band-  edge  emissions  in 
Mg-doped  p-GaN  result  predominantly  from  the  conduction  band- to-im purity  recombinadon, 
involving  substitutional  shallow  Mg  acceptors  at  low  temperatures  (T  <  150  K)  and  Mg  related 
deep  level  centers  at  high  temperatures  (T  >  150  K).  In  such  a  context,  the  quenching  of  the  3.21 
eV  emission  line  is  due  to  either  thermal  ionization  of  shallow  neutral  Mg  acceptors  or  hole 
transfer  from  the  shallow  to  the  deep  impurities  as  temperature  increases. 

GaN  on  ZnO 

Lattice  and  thermal  expansion  mismatch  between  nitride  films  and  the  most  frequently  used 
substrates  (  SiC,  sapphire)  are  often  cited  as  one  of  the  major  causes  of  the  observed  extended  and 
point  defects.  Inversion  domain  boundaries  (IDB)  and  double  positioning  boundaries  (DPB),  have 
been  identified  as  defects  spreading  into  the  bulk  GaN  layers19*20* 21 ,  the  former,  being  well 
known  in  HI-V  on  Si  (100)  epitaxy  22  arise  from  an  inversion  transformation  of  a  binary 
compound.  If  special  care  were  taken  to  initiate  growth  with  only  one  species,  such  as  As,  then 
EDB’s  would  not  form.  However  substrates  invariably  contain  steps,  and  with  single-species 
initiation  the  lattice  inverts  across  each  single  step  on  Si  (100)  and  produces  an  IDB.  One  solution 
for  avoiding  IDB’s  on  Si  (100),  is  by  making  double-stepped  substrates.  In  the  case  of  DPB’s 
there  is  an  equal  probability  of  nucleating  two  different  FCC  stacking  sequences  (ABC  and  ACB), 
a  topic  treated  recently  by  Sverdlov  et  al.23  who  also  suggested  that  ZnO  would  be  a  better 
substrate  to  GaN  and  related  materials  because  of  its  stacking  match  to  nitrides  under  discussion. 
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^^dy  been  macie  to  take  advantage  ot  the  relatively  small  lattice  mismatch  between 
£rnw  d  G^m  there  have  been  several  preliminary  reports  of  GaN  growth  on  ZnO  and 
MaN  on  ZnO  with  crystalline  quality  of  InGaN  to  be  supenor  when  grown  on  the  well  matched 
ZnO  substrate  .  ZnO  substrates  also  would  allow  tor  the  growth  of  lattice  matched  or  coherendy 
strained  heterostructu res  for  optoelectronic  and  electronic  devices^.  In  this  paper  we  report  on 
the  optical  emission  and  reflection  properties  of  GaN  grown  on  vicinal  c  plane  ZnO  substrates. 

We  have  utilized  ZnO  substrates  prepared  by  Litton  industries  by  the  hydrothermal  method.  The 
GaN  layers  were  then  grown  at  substrate  temperatures  of  about  650  °C  with  a  Growth  fate  of  1 

^°.  ~J^0ptlC-S  tr^Sld0nS  Sample  were  studied  by  photoluminlscence  (PL)  and 
optical  reflection.  The  PL  was  excited  with  a  He-Cd  laser.  The  reflection  source  was  a  Xenon 
lamp.  The  reflection  was  measured  at  approximately  15°  off  normal  incidence.  The  details  of  the 
measurement  apparatus  can  be  found  elsewhere26. 

]?eAP!:  SVf  “*  f0r  ;e  GaN  sa£?les  show  Sro^  state  exciton  transition  associated  with 
die  A  band  appears  dominant-  The  exciton  associated  with  the  B-band  is  not  seen  in  emission; 
however,  it  can  be  seen  in  reflection.  In  this  experiment  we  did  classical  reflection;  however,  it  is 

SlT^nC.f  by  \5  “  noted  before.  The  minimum  in  the  A  reflection  peak 

is  shifted  to  the  higher  energy  trom  the  A  emission  peaks  by  approximately  7  meV  Although  the 
work  is  its  embryonic  stage  and  high  quality  substrates  are  lacking,  clean  luminescence  emission 
with  only  die  A  exciton  present  is  very  exciting.  The  observed  energies  of  A  and  B  excitons,  the 
latter  in  reflecaon  only,  provide  us  with  necessary  information  to  deduce  the  sign  and  extent  of 
strain  in  the  film.  Following  a  procedure  employed  previously?7-^  we  calculate  at  T*4  K  the 
Sn5?  j^duced  energy  shift,  AE ,  for  GaN/ZnO  is  -3.8  meV  while  that  for  GaN/(6H  SiC)  is  -6.7 
meV,  and  for  GaN/(a  -  AI2O3)  is  +9.3  meV.  This  should  yield  a  difference  of  13  meV  in  GaN 
grown  on  Sapphire  and  ZnO  in  the  band  gap  energy.  This  compares  with  the  observed  8  meV. 
Thisdiscrepancy  may  be  due  to  several  factors  including  the  strain  variation  from  sample  to  sample 

grown  on  sapphire  substrates.  What  is  certain  is  that  more  research  is  necessary  before  conclusive 
remarks  can  be  made. 

Conclusions 

We  have  briefly  described  stimulated  emission  in  GaN/AlGaN  separate  confinement 
heterostructures,  discussed  the  nature  of  Mg  related  transitions  in  lightly  and  heavily  doped  GaN, 

^lPo?^Taryi  on  2110  subslnites-  Investigation  of  Mg  doped  GaN  how  an 

optical  shallow  level  at  290  meV  above  the  valence  band  for  lightly  doped  samples  When  the  Mg 

?0Ut  1019  Cm'3  level’MS-relaIed  complexes  form  deeper  in  the 
band,  the  widthof  which  depends  on  concentration,  form  and  dominate  the  high  cemnerature 

produ^gTlue^bgh'L1115^0'1 10  ^  COmpiex  “  PresentIy  ^d  in  some  commercial  LEDs  for 
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Abstract 

We  will  present  a  comparison  between  GaN  grown  on  c-  and  r-plane  sapphire  by  gas-source  molecular  beam  epitaxy 
(GSMBE)  using  solid  source  elemental  Ga  with  uncracked  ammonia  (NH3).  Improved  GaN  film  quality  was  found  for 
samples  grown  at  substrate  temperatures  above  700°C  with  optimized  temperatures  at  780°C.  GaN  deposited  on  a 
low-temperature  ( -  350  C)  GaN  buffer  layer  grown  using  an  rf-plasma  radical  beam  source  exhibited  poor  photolumines¬ 
cence  (PL)  intensity  and  carrier  mobility  while  SEM  analysis  showed  smooth  GaN  surface  morphologies.  GaN  deposited  on 
an  ammonia-grown  low-temperature  ( -  550°C)  GaN  or  AIN  buffer  were  found  to  have  improved  PL  intensity  and  line 
widths,  GaN  surface  morphology  and  carrier  mobility.  X-ray  rocking  curve  (XRC)  data  showed  that  the  GaN  crystal  quality 
improved  as  a  function  of  increasing  substrate  growth  temperature  independent  of  buffer  layer  implementation. 


1.  Introduction 

Successfully  improving  the  crystal  quality  of  GaN 
films  grown  on  sapphire  substrates  by  the  use  of  a 
thin  buffer  layer  has  been  reported  in  the  literature 
[1,2].  Amano  et  al.  [3,4]  reported  that  GaN  grown  on 
sapphire  substrates  employing  an  AIN  buffer  showed 
an  increase  in  the  carrier  mobility  by  a  factor  of  10 
along  with  narrower  X-ray  rocking  curve  line  widths. 
The  band-gap  photoluminescence  (PL)  of  the  GaN 
films  showed  two  orders  of  magnitude  increase  in 
the  intensity  compared  to  GaN  grown  directly  on 
sapphire.  As  a  result  of  their  findings,  low-tempera¬ 
ture  AIN  buffer  layers  have  been  employed  exten¬ 
sively  in  the  growth  of  high-quality  GaN  films. 


’Corresponding  author.  Fax:  +1  619  534  0415;  E-mail: 
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Nakamura  et  al.  [5]  have  shown  that  GaN  films 
grown  over  a  low- temperature  GaN  buffer  layer  by 
metalorganic  vapor  phase  epitaxy  have  superior  qual¬ 
ity  compared  to  films  grown  on  AIN  buffers.  The 
quality  of  these  GaN  films  demonstrated  for  the  first 
time  that  high-quality  GaN  films  using  a  GaN  buffer 
could  be  used  to  make  blue  light-emitting  diodes.  In 
another  study,  Kuznia  et  al.  [6]  have  compared  the 
effect  of  both  AIN  and  GaN  buffer  layers  and  showed 
that  the  two  buffers  gave  comparable  results  with  the 
GaN  grown  on  AIN  buffer  layers  being  slightly 
better. 

In  GaN  growth  by  gas-source  molecular  beam 
epitaxy  (GSMBE),  Sitar  et  al.  [7]  have  characterized 
the  initial  growth  of  GaN  and  AIN  grown  by  using 
an  electron  cyclotron  resonance  (ECR)  plasma  to 
generate  active  nitrogen.  Due  to  possible  ion  damage 
from  an  ECR  plasma  source  [8],  the  use  of  rf-plasma 
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generated  nitrogen  radicals  as  a  N  source  for  GSMBE 
growth  of  GaN  has  been  demonstrated  by  Hoke  et  al. 
[9],  Powell  et  al.  [10]  have  shown  that  uncracked 
ammonia  (NH3)  can  be  used  to  successfully  grow 
high-quality  GaN  films  by  (GSMBE)  without  the  use 
of  a  low-temperature  buffer.  Their  results  indicated 
that  the  GaN  film  quality  was  strongly  dependent  on 
the  substrate  growth  temperature. 

In  this  paper,  we  will  report  the  results  obtained 
from  GaN  thin  films  grown  by  GSMBE,  on  sapphire 
substrates,  using  ammonia  as  the  N  source.  We  will 
examine  the  effect  of  different  low-temperature  GaN 
buffer  layers  grown  using  an  rf-generated  nitrogen 
plasma  source  or  ammonia  on  bulk  GaN  films  and 
also  present  results  for  GaN  grown  on  AIN  buffers. 


2.  Experimental  parameters 

The  growth  of  all  bulk  GaN  epilayers  was  done 
using  elemental  solid  source  Ga  and  ammonia  gas  as 
the  nitrogen  source^  Growth  rates  for  the  bulk  GaN 
were  set  at  3200  A/h  with  a  process  pressure  of 
6X10  5  Torr  for  the  optimized  ammonia  flow. 
NH3  was  fed  directly  into  the  growth  chamber  with¬ 
out  any  pre-cracking  and  was  activated  thermally  at 
the  heated  substrate  surface.  The  GaN  films  were  all 
grown  on  sapphire  substrates  using  either  the  c-plane 
(0001)  or  the  /--plane  (0112)  orientation.  The  sub¬ 
strate  temperature  for  the  bulk  GaN  growth  was 
varied  between  600  and  800°C. 

The  deposition  of  the  GaN  buffer  layers  was  done 


wi  1  0f  GaN  f0Wn  °"a  low-'emPerature  GaN  b3[.fer-  W  200  A  thick  GaN  at  325°C,  [2TT0I  direction,  fb) 

diLuonh'Ck  ^  ^  700  C'  2110  direCti0n‘  (<=)  550  A  th‘Ck  GaN  at  700°C-  121101  direc''on-  Id)  5000  A  thick  GaN  at  700°C.  (2lTo| 


W.S.  Wong  etaL/ Journal  of  Crystal  Growth  164  (1996)  159-166 


161 


using  either  an  rf  plasma  source  or  ammonia  gas  as 
the  N  source.  For  the  case  of  the  rf-plasma-grown 
GaN  buffers,  a  commercially  manufactured  free-radi¬ 
cal  beam  source  from  Oxford  Applied  Research  was 
used  to  generate  the  active  nitrogen  plasma.  The  N2 
flow  into  the  rf  radical  source  was  set  to  maintain  a 
process  pressure  in  the  growth  chamber  of  1  X  1CT4 
Torr  with  the  rf  input  power  setpoint  at  400  W.  The 
buffer  layer  growth  temperature  was  325°C  with  a 
GaN  growth  rate  of  600  A/h. 

Both  GaN  and  AIN  were  used  for  the  ammonia- 
grown  low- temperature  buffers.  The  growth  parame¬ 
ters  were  the  same  as  for  the  bulk  GaN  growth  with 
the  exception  that  the  GaN  buffer  growth  tempera¬ 
ture  was  increased  to  550°C.  The  thickness  of  all  the 
GaN  buffer  layers  was  nominally  200  A. 

Low-temperature  AIN  buffer  layers  were  exam¬ 
ined  by  varying  the  AIN  buffer  growth  parameters. 
Using  ammonia  for  the  N  source,  the  buffers  were  all 
grown  on  c-plane  oriented  sapphire  substrates.  Three 
AIN  buffer  layer  growth  conditions  were  examined 
and  are  identified  as: 

A1N(1):  GaN  grown  on  a  250  A  thick  AIN  buffer 
at  550°C. 

A1N(2):  GaN  grown  on  a  500  A  thick  AIN  buffer 
at  550°C. 

A1N(3):  GaN  grown  on  a  250  A  thick  AIN  buffer 
at  600°C. 

Characterization  of  the  GaN  films  was  performed  by 
scanning  electron  microscopy  (SEM),  reflection 
high-energy  electron  diffraction  (RHEED),  four- 
crystal  X-ray  rocking  curve  (XRC)  and  Hall  effect 
measurements. 


3.  Results  and  discussion 

GaN  grown  on  c-  and  r-plane  sapphire  employing 
a  low- temperature  GaN  buffer  displayed  a  very  dis¬ 
tinct  streaky  in  situ  RHEED  pattern  at  substrate 
temperatures  of  700°C.  Fig.  U  is  an  image  of  the 
RHEED  pattern  for  the  200  A  GaN  buffer  layer 
grown  using  the  rf  plasma  source  at  325°C  on  c-piane 
sapphire.  The  pattern  is  spotty,  indicating  a  rough  3D 
surface.  By  increasing  the  temperature  to  700°C,  the 
RHEED  pattern  of  the  buffer  surface  has  changed  to 
a  more  streaky  formation  (Fig.  lb),  which  may  be 
indicative  of  GaN  nucleation  sites  beginning  to  coa¬ 


Fig.  2.  Effect  of  low-temperature  GaN  buffer  layers  on  GaN 
surface  morphology,  (a)  GaN  grown  on  a  low-temperature  GaN 
buffer,  (b)  GaN  grown  without  a  low-temperature  buffer. 


lesce  to  form  a  single  crystal.  The  transformation 
results  in  the  formation  of  the  GaN  template  for  the 
bulk  GaN  growth  [11]. 

After  550  A  of  GaN  growth  using  ammonia  as  the 
N  source,  the  RHEED  diffraction  pattern  showed 
formation  of  second-order  diffraction  lines  and  in¬ 
creased  streakiness  (Fig.  lc)  indicating  a  recon¬ 
structed  GaN  surface.  After  5000  A  of  GaN  deposi¬ 
tion,  the  RHEED  pattern  is  shown  to  be  very  streaky 
with  a  2  X  pattern  (Fig.  Id)  indicating  an  atomically 
smooth  reconstructed  GaN  surface. 

0 

Fig.  2a  shows  an  SEM  micrograph  for  a  6400  A 
thick  GaN  film  grown  at  700°C  on  a  low-tempera¬ 
ture  GaN  buffer  (grown  using  the  plasma  source)  on 
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Fig.  4.  In  situ  RHEED  characterization  of  GaN  grown  on  AIN  buffer  layers.  Left:  A1N(1);  middle:  A1N(2);  right:  A1N(3).  (a)  RHEED  image 
of  AIN  buffer  at  780oCj2n0]  direction,  (b)  RHEED  image  of  1600  A  thick  GaN  at  780°C,  [2H0]  direction,  (c)  RHEED  image  of  6400  A 
thick  GaN  at  780°C,  [2110]  direction. 


c-plane  sapphire.  Fig.  2b  shows  the  surface  morphol¬ 
ogy  of  GaN  grown  directly  on  c-plane  sapphire.  The 
micrograph  clearly  shows  that  an  improved  surface 


morphology  is  obtained  when  GaN  is  grown  on  a 
GaN  buffer  layer. 

Fig.  3a  and  3b  compares  the  GaN  surface  mor- 


Fig.  3.  Substrate  orientation  effects  on  GaN  surface  morphology.  Left:  c-plane  sapphire  substrate.  Right:  r-plane  sapphire  substrate,  (a)  GaN 
grown  at  635°C  on  a  plasma-grown  buffer,  (b)  GaN  deposited  at  780°C  on  a  plasma-grown  buffer,  (c)  GaN  deposited  at  780°C  on  an 
ammonia-grown  buffer. 
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phology  grown  on  c-  and  r-plane  sapphire,  at  a 
growth  temperature  of  625  and  780°C.  The  samples 
grown  on  c-plane  sapphire  have  a  much  smoother 
surface  morphology  compared  to  GaN  on  r-plane 
sapphire.  The  difference  between  the  surface  rough¬ 
ness  of  GaN  on  c-  and  r-plane  sapphire  is  much  less 
compared  to  GaN  on  plasma-grown  buffers  (Fig.  3c). 
The  low-temperature  ammonia-grown  GaN  buffer 
has  reduced  the  bulk  GaN  surface  roughness  for 
r-plane  sapphire  substrates  compared  to  the  GaN  on 
plasma-grown  buffers. 

These  results  would  indicate  that  the  low-tempera¬ 
ture  GaN  buffer  layer  is  acting  as  a  template  for  the 
bulk  GaN  growth  on  c-plane  sapphire  [6].  The  tem¬ 
plate  provides  nucleation  sites  for  the  bulk  GaN 
epilayer  to  begin  forming  and,  as  a  consequence,  the 
surface  morphology  is  smoother.  The  same  effect  is 
seen  for  GaN  on  r-plane  sapphire  substrates  when 
ammonia-grown  GaN  buffer  layers  were  used. 

For  GaN  grown  on  AIN  buffers,  the  initial  RHEED 
images  for  the  AIN  buffers  showed  an  amorphous 
surface  with  no  distinct  diffraction  pattern  for  A1N(1) 
and  A1N(2).  By  raising  the  substrate  temperature  to 
780°C,  the  RHEED  patterns  changed  for  the  cases  of 
AlN(l)  and  A1N(2)  (Fig.  4).  A1N(1)  was  beginning 
to  show  some  indications  of  a  streaky  pattern,  which 
would  indicate  that  “islands”  of  AIN  were  begin¬ 
ning  to  coalesce  to  form  the  buffer  template.  A1N(2) 
formed  a  polycrystalline  surface  indicated  by  ring- 
like  RHEED  diffraction  patterns.  AiN(3)  did  not 
show  much  change  from  its  initial  temperature,  which 
would  indicate  that  the  AIN  surface  as  deposited  at 
600°C  had  already  reached  a  thermal  equilibrium. 

The  RHEED  analysis  for  A1N(3)  gave  the  best 
RHEED  pattern  throughout  the  growth,  which  would 
indicate  that  the  GaN  surface  morphology  should  be 
the  best  of  the  three  experimental  conditions,  with 
A1N(2)  being  the  poorest.  By  examining  the  GaN 
surface  morphology  with  SEM,  it  was  seen  that 
A1N(3)  displayed  the  best  surface  morphology  com¬ 
pared  to  the  other  two  conditions  while  A1N(2)  was 
the  poorest  as  predicted  by  the  RHEED  analysis 
(Fig.  5). 

An  examination  of  the  XRC  data  displayed  a 
trend  in  crystallinity  with  substrate  growth  tempera¬ 
ture.  GaN  ( —  6400  A  thick)  grown  with  a  low-tem¬ 
perature  plasma  GaN  buffer  ( ~  200  A  thick)  on 
c-plane  sapphire  at  a  growth  temperature  of  700°C 


Fig.  5.  AIN  buffer  layer  effects  on  GaN  surface  morphology,  (a) 
GaN  surface  morphology  for  A1N(1).  (b)  GaN  surface  morphol¬ 
ogy  for  A1N(2).  (c)  GaN  surface  morphology  for  A1N(3). 

resulted  in  a  GaN  peak  full-width  at  half-maximum 
(FWHM)  of  60  arc  min.  GaN  grown  on  c-plane 
sapphire  at  a  substrate  temperature  of  725°C  im- 
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aved  the  XRC  FWHM  to  44  arc  min  indicating 
proved  crystallinity  in  the  film.  At  a  growth  tem- 
■rature  of  780°C,  the  XRC  FWHM  narrowed  to  34 
-min.  The  same  trend  is  also  seen  with  GaN 
Bwn  directly  on  c-plane  sapphire  (Fig.  6).  Data 
lints  at  a  growth  temperature  of  780°C  also  show 
at  GaN  on  ammonia-grown  GaN  or  AIN  buffers 
fve  comparable  XRC  line  widths. 
sThe  same  trend  in  electron  carrier  mobility  and 
jndentration  was  not  seen.  Hall  effect  measure- 
ents  for  samples  grown  on  a  200  A  low-tempera- 
re^GaN  plasma-grown  buffer  layer  had  relatively 
5pr  electrical  measurements  regardless  of  the  growth 
mperature.  The  typical  electron  mobility  was  ap- 
oximately  1-6  cm2/V  *  s  with  the  carrier  concen- 
between  5  X  10 18  and  5  X  10 19  cm~3  while 
f  on  ammonia-grown  GaN  or  AIN  buffers  showed 
Sproved  electron  mobility  in  the  range  of  50-60 
T/y  *  s  with  electron  concentration  comparable  to 
icof  GaN  on  plasma-grown  buffers.  The  degraded 
obility  would  indicate  that  a  compensating  effect 
^introduced  by  the  plasma-grown  GaN  buffer. 
[PL  line  spectra  (measured  at  10  K  using  a  He-Cd 
Ijhwith  a  325  nm  wavelength)  for  GaN  grown 
^and  without  a  low-temperature  buffer  is  shown 
gg‘  7.  The  data  show  that  the  highest  quality  GaN 
is  , were  obtained  by  implementing  an  ammonia- 
own  low-temperature  GaN  buffer,  which  showed 
yiighest  intensity  and  narrowest  line  width  com- 
ed.to  the  other  buffer  conditions.  Bulk  GaN  grown 
Ja.GaN  buffer  using  the  rf  plasma  source  showed 
jfpoorest  PL  results.  The  PL  data  give  more  evi- 
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Fig.  7.  10  K  PL  results  for  GaN  on  ammonia-grown  GaN  buffer, 
no  buffer  and  plasma-grown  GaN  buffer. 

dence  that  the  thin  GaN  low-temperature  buffer 
grown  using  the  rf  plasma  source  degrades  the  bulk 
GaN  film  quality  compared  to  the  other  buffer  condi¬ 
tions. 


4.  Conclusions 

Surface  morphology  was  seen  to  improve  when  a 
low-temperature  GaN  or  AIN  buffer  layer  was  used 
to  grow  bulk  GaN.  GaN  grown  on  r-plane  sapphire 
substrates  were  typically  more  featured.  When  a 
low-temperature  GaN  buffer  was  grown  using  am¬ 
monia  as  the  N  source,  improvements  were  seen  for 
GaN  surface  morphology  on  r-plane  sapphire  sub¬ 
strates  when  compared  to  GaN  on  plasma-grown 
GaN  buffers.  RHEED  in  situ  analysis  showed  a 
correlation  to  GaN  surface  morphology  and  different 
AIN  buffer  growth  parameters. 

XRC  and  PL  results,  along  with  transport  mea¬ 
surements,  showed  that  improved  GaN  films  were 
obtained  for  GaN  on  ammonia-grown  GaN  or  AIN 
low-temperature  buffers.  Samples  grown  using  a  GaN 
plasma  buffer  were  found  to  have  poorer  film  quality 
compared  to  the  no  buffer  and  ammonia-grown  buffer 
samples. 
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The  growth  of  Eu-doped  CaF2  and  BaF2  thin  films  on  Si(100),  (110),  and  (111)  substrates  has  been 
realized  by  molecular  beam  epitaxy  using  elemental  Eu  evaporation.  Very  bright  blue  emissions 
from  Eu-doped  CaF2  and  yellow  emissions  from  Eu-doped  BaF2  were  obtained  in  the  wavelength 
range  of  400-850  run  at  10  K.  Depending  on  the  Si  substrate  orientation,  the  zero-phonon  line  of 
Eu~+  in  the  CaF2  thin  films  was  shifted  by  different  amounts  relative  to  that  of  bulk  CaF^  due  to 
residual  strain  in  these  epilayers.  ©  1996  American  Vacuum  Society. 


I.  INTRODUCTION 

Increasing  interest  in  the  incorporation  of  rare-earth  (RE) 
elements  in  epitaxial  thin  films  of  alkaline-earth  fluorides  is 
motivated  by  potential  applications  in  light  emitters  and  solid 
state  microcavity  lasers.  Growth  of  these  materials  on  Si  sub¬ 
strates  offers  potential  compatibility  with  Si-based  technol¬ 
ogy.  Nd-  and  Er-doped  CaF2  films  grown  on  Si  substrates  by 
molecular  beam  epitaxy  (MBE)  have  exhibited  strong  pho¬ 
toluminescence  at  1.04  and  1.54  /zm,  respectively.1’3  Re¬ 
cently,  we  have  demonstrated  that  Eu  can  be  incorporated 
into  epitaxial  CaF2  films  grown  on  Si(100)  by  MBE  and  that 
Eu  doping  as  high  as  4.05  at.  %  does  not  significantly  de¬ 
grade  the  surface  morphology.4 

In  this  article,  we  present  results  on  the  MBE  growth  of 
Eu-doped  CaF2  and  BaF2  on  Si(100),  (110)  and  (111)  sub¬ 
strates  using  elemental  Eu  evaporation.  Reflection  high- 
energy  electron  diffraction  (RHEED)  and  photoluminescence 
(PL)  measurements  were  performed  to  characterize  these 
structures.  We  demonstrate  that  very  bright  blue  emissions 
from  Eu-doped  CaF2  and  yellow  emissions  from  Eu-doped 
BaF2  can  be  obtained  in  the  wavelength  range  of  400-850 
nm.  Since  BaF2  can  be  readily  grown  on  CaF2,  two-color 
(blue  and  yellow)  light  emitters  may  possibly  be  developed 
from  Eu-doped  stacked  BaF2/CaF2  films  on  Si. 

II.  EXPERIMENT 

Growth  of  Eu-doped  CaF2  and  BaF2  on  Si  was  carried  out 
in  an  Intevac  Modular  GEN  II  MBE  system  with  a  back¬ 
ground  pressure  of  —  10" 10  Torr  throughout  deposition.  The 
3 -in. -diameter  p- type  Si  substrates  (Silicon  Sense,  Inc.)  were 
cleaned  using  the  Shiraki  method.5  The  passivating  oxide 
formed  during  the  ex  situ  cleaning  procedure  was  thermally 
desorbed  in  the  growth  chamber  after  several  minutes  at 

1100  °C.  High  purity  polycrystalline  CaF2  and  BaF2  were 
evaporated  from  graphite-coated  PBN  crucibles  at  typical 
growth  rates  of  20  A/min  and  19  A/min  for  CaF2  and  BaJF2 


cell  temperatures  of  1300  and  1180  °C,  respectively.  An  el¬ 
emental  source  of  Eu  was  evaporated  from  a  separate  low- 
temperature  effusion  cell  heated  to  300-400  °C  to  give 
beam  equivalent  pressures  of  3.5X10"10-L9X1CT8  Torr. 

Smooth  Eu-doped  CaF2  films  on  Si(100)  were  obtained 
by  growing  a  400  A  CaF2  buffer,  a  3600  A  Eu-doped  CaF2 
layer  and  a  200  A  CaF2  top  layer  at  580  °C  followed  by  in 
situ  annealing  at  1100  °C  for  a  few  minutes.  For  the  growth 
of  Eu-doped  CaF2  films  on  Si(110),  a  20  A  CaF2  and  a  7800 
A  Eu-doped  CaF2  layer  were  deposited  at  840  °C.  These 
CaF2/Si(110)  films  always  exhibit  a  ridged  and  grooved  sur¬ 
face  morphology.6  Eu-doped  CaF2/Si(lll)  films  were  ob¬ 
tained  by  depositing  a  4100  A  CaF2  buffer  and  a  600  A 
Eu-doped  CaF2  layer  at  700  °C.  Eu-doped  BaF2  films  were 
grown  on  Si(100)  substrates  using  a  two-stage  growth 
method.7  The  first  stage  was  deposition  of  600  A  of  CaF2 
and  570  A  of  BaF2  at  580  °C.  The  second  stage  was  rapid 
thermal  annealing  at  820  °C  followed  by  the  deposition  of  a 
4600  A  Eu-doped  BaF2  layer  at  750  °C. 

Figure  1  shows  the  RHEED  patterns  recorded  during  the 
growth  of  CaF2  and  BaF2  on  Si(100)  with  Eu  concentrations 
of  ~4.05  and  ~~0.93  at.  %,  respectively.  The  Eu  concentra¬ 
tions  were  determined  in  a  way  described  in  Ref.  4.  A  well- 
defined  Si(100)-two-domain  (2X  1)  pattern  appears  after  ox¬ 
ide  desorption  [Fig.  1(a)].  Diffraction  spots,  indicative  of 
three-dimensional  island  growth,  were  observed  after  the 
growth  of  the  Eu-doped  CaF2  layer  [Fig.  1(b)].  No  apparent 
change  in  the  surface  structure  of  the  CaF2  matrix  due  to  Eu 
incorporation  is  detected  through  comparison  of  the  RHEED 
patterns  of  the  Eu-doped  CaF2  layer  with  those  of  the  un¬ 
doped  CaF2  buffer.  However,  surface  degradation  is  visible 
under  optical  microscopy  when  Eu  concentration  exceeds 
~~7.48  at.  %  even  though  the  RHEED  patterns  remain  un¬ 
changed.  Precipitation  of  Eu  at  high  doping  levels  may  be 
responsible  for  the  surface  degradation.  The  effect  of  in  situ 
annealing  is  evident  by  comparing  the  RHEED  patterns 
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Fig.  1.  RHEHD  patterns  along  the  [0 1 1  ]  and  [001]  azimuths  recorded  after 
(a)  desorption  of  oxide  from  Si(100)  substrate;  (b)  deposition  of  a  3600  A 
Hu-doped  CaF2  layer,  (c)  in  situ  annealing  at  1100  °C  for  2  min;  (d)  depo¬ 
sition  of  a  570  A  BaF2  layer,  (e)  second-stage  growth  of  4600  A  Hu-doped 
BaF2  layer. 


shown  in  Figs.  1(b)  and  1(c).  Diffraction  spots  were  replaced 
by  sharp  diffraction  streaks  accompanied  by  Klknchi  lines 
immediately  after  the  substrate  temperature  was  raised  to 
1100  °C,  signifying  the  smoothing  of  the  CaF2  surface. 
While  in  situ  annealing  improves  the  growth  morphology  by 
smoothing  out  the  {111}  facets  on  the  surface,  it  does  not 
seem  to  alleviate  the  morphological  features  due  to  Eu  pre¬ 
cipitation.  Following  the  deposition  of  BaF2  at  580  °C,  a 
spotty  RHEED  pattern  with  off-angie  lines  and  arrow-head 
features  was  observed  [Fig.  1(d)],  indicating  island  epitaxy  at 
this  stage.  Dramatic  improvement  in  the  growth  morphology 
was  achieved  alter  in  situ  annealing  and  the  second-stage 
growth.  Diffraction  streaks  emerged  in  the  RHEED  patterns 
[Fig.  1(e)]  and  no  change  due  to  the  incorporation  of  Eu  in 
the  BaF2  lattice  was  observed. 

Figure  2  shows  the  PL  spectra  of  three  Eu-doped  CaF2 
films  grown  on  Si(lOO).  (110)  and  (!!!).  A  sharp  zero- 
phonon  line  (ZPL)  near  413  nm  accompanies  a  broad  vi- 
bronic  sideband  peaking  at  about  422  nm  in  each  spectrum. 
The  ZPLs  shown  in  Fig.  2  arise  from  the  electronic  transition 
from  the  lowest  lying  1  ( 4 /\5</)  level  of  Eu2  **  to  the 
8S7/2(4y7)  ground  state.  The  peaks  between  the  vibronic 
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Fig.  2.  Photo  luminescence  spectra  of  Eu-doped  CaF2  films  grown  on:  (a) 
Si(100),  -0.77  at.  %  Eu;  (b)  Si(110),  -4.32  at.  %’Eu;  and  (c)  Si(lll), 
-0.32  at.  %  Eu.  The  spectra  were  taken  at  10  K.  Note  the  relative  shifts  in 
energy  position  of  the  zero-phonon  lines. 


sideband  maxima  and  the  ZPLs  are  associated  with  the  den¬ 
sity  of  states  maxima  of  various  optical  and  acoustic 
phonons.  No  emission  indicative  of  a  5Dq—>7Fj  transition  of 
Eu3  +  was  observed  in  the  entire  scanned  range  of  400-667 
nm. 

It  was  noticed,  that  the  ZPLs  in  Fig.  2  were  shifted  by 
different  amounts,  relative  to  bulk  CaF2 .  The  ZPL  positions 
and  shifts  are  listed  in  Table  I.  The  energy  shifts  in  the  ZPLs 
can  be  attributed  to  the  residual  thermal-induced  tensile 
strain  in  the  CaF2  layers  because  of  the  higher  thermal  ex¬ 
pansion  coefficient  of  CaF2  (19X  10“6/deg)  relative  to  Si 
(2.5  X  I0_6/deg).  Since  the  CaF2  layers  in  our  case  are  much 
thicker  than  the  critical  thickness  for  growth  on  Si  (—10 
nm),8  most  of  the  compressive  strain  in  the  CaF2  layers  due 
to  the  larger  lattice  constant  of  CaF2  compared  with  Si  sub¬ 
strate  would  be  relieved  at  the  growth  temperature. 

It  has  been  demonstrated  that  Eu2+  incorporated  into 
CaF2  films  grown  on  Si(lll)  substrates  can  be  used  as  a 
sensitive  probe  of  elastic  strain  in  the  grown  layers.8,9  It  is 
known  that  with  uniaxial  stress  along  {100}  or  {110},  the  ZPL 
of  Eu2+  in  bulk  CaF2  crystals  is  split  into  a  doublet  and  that 
with  uniaxial  stress  along  {111},  the  ZPL  is  not  split  but  only 
shifted  to  longer  wavelengths.10  In  general,  the  in-plane 


Table  I.  Energy  shift  of  zero-phonon  lines  (A£)  and  estimated  strain  ( e j) 
obtained  from  the  CaF2  films  grown  on  Si  substrates  with  different  orienta¬ 
tions. 


Substrate  orientation 

ZPL  position  (nm)1 

A£  (cm'1) 

«,  (%) 

(100) 

413.4 

-22 

0.83 

(110) 

412.7 

19 

0.24 

(111) 

412.2 

48 

0.38 

"Zero-phonon  line  (ZPL)  of  Eu:+  in  bulk  CaF2  is  at  413.01  nm. 
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strain,  induced  by  the  lattice- mismatched  epitaxial  growth, 
can  be  decomposed  into  uniaxial  and  hydrostatic  contribu¬ 
tions.  Assuming  that  CaF2  films  heteroepitaxiaily  grown  on 


(100)-  ,  (110)-  ,  and  (lll)-oriented  substrates  are  under  pla¬ 
nar  tensile  strain,  the  relationship  between  in-plane  strain 
and  energy  shift  A£  of  the  ZPL  can  be  expressed  as 
follows:10'11 


(100) 

(110) 

(111) 


en  =  aA£  (cm-1),  a  = 
en  =  6A£  (cm-1),  b  = 
«n  =  cA£  (cm-1),  c- 


Qi 


2(A+2S)(C„  +  2C12)(CU-2C12) 

_ Ch  +  2Ci2+4C44 _ 

(A+£)(C1I+2Cl2)(C1I+2C12+  I2C44) 
Cu  +  2C12+4C44 


=  —  3.79X  10-4, 


=  1.31X10 


-4 


12A(C„  +  2C12)C44 


=  7.94X10-5, 


where  Cjj  are  the  elastic  constants  of  CaF2,  A  =-0.45 
cm'1  kg'1  mm'2  and  5=0.28  cm'1  kg'1  mm'2.10  Using 
the  above  expressions,  we  can  estimate  the  in-plane  strain 
for  the  Eu-doped  CaF2  layers.  The  results  are  listed  in  Table 
I.  The  strains  obtained  for  the  CaF2  layers  grown  on  Si(lll) 
and  (110)  are  close  to  the  one  (~-0.3  %)  measured  at  liquid 
helium  temperature  for  films  not  under  stress  at  room 
temperature.9  This  suggests  that  these  CaF2  films  may  have 
undergone  almost  complete  relaxation  at  room  temperature, 
probably  through  the  glide  of  dislocations  on  available 
{100}  slip  planes.12  Due  to  the  lack  of  such  gliding  planes, 
strain  relief  is  less  effective  in  CaF2/Si(100)  films,  resulting 
in  a  larger  strain  value. 

The  dependences  of  the  integrated  emission  intensities  of 
both  the  vibronic  sideband  and  the  ZPL  on  Eu  concentration 
for  Eu-doped  CaF2/Si(100)  films  are  shown  in  Fig.  3.  The 
intensity  of  the  vibronic  sideband  increases  as  the  Eu  con¬ 
centration  increases.  At  relatively  low  concentrations,  the  in¬ 
tensity  of  the  ZPL  also  increases  with  Eu  concentration. 
When  the  Eu  concentration  exceeds  —1.64  at.  %,  however,  a 


noticeable  decline  in  the  PL  intensity  is  observed  similar  to 
those  reported  for  Nd-doped  CaF2/Si  films.13  Such  emission 
quenching  seems  to  be  characteristic  of  rare-earth-doped 
CaF2  epilayers  on  Si  and  may  be  attributed  to  nonuniform 
distribution  of  rare-earth  ions  during  growth  caused  by  dis¬ 
locations  and  other  crystal  defects. 

Very  bright  and  broad  “yellow”  emission  was  obtained 
from  epitaxial  BaF2  films  grown  on  Si(100)  with  Eu  concen¬ 
tration  of  —0.93  at.  %  (Fig.  4).  As  a  comparison,  a  PL  spec¬ 
trum  from  a  Eu-doped  CaF2  film  on  Si(100)  is  also  shown  in 
Fig.  4.  The  structureless  feature  in  the  emission  spectra  of 
Eu2+  in  BaF2  compared  with  the  ones  in  CaF2  has  been 
attributed  to  the  static  Jahn-Teller  effect.14  As  shown  in  Fig. 
4,  the  emissions  of  Eu2+  in  CaF2  and  BaF2  cover  a  broad 
wavelength  range  from  400  nm  to  850  nm.  Since  BaF2  can 
be  readily  grown  on  CaF2 ,  two-color  (blue  and  yellow)  light 
emitters  may  possibly  be  developed  from  Eu-doped  stacked 
BaF2/CaF2  films  on  Si. 
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Fig.  3.  Dependence  of  the  integrated  emission  intensities  of  vibronic  side¬ 
band  and  zero-phonon  line  on  Hu  concentration  for  Hu-doped 
CaF2/Si(100)  films. 


Fig.  4.  Photoluminescence  spectrum  taken  at  10  K  showing  strong  yellow 
emissions  from  a  Eu-doped  BaF2  film  on  Si(100)  with  a  Eu  concentration  of 
—  0.93  at.  %.  A  photoluminescencc  spectrum  from  a  Eu-doped  CaF2  film  on 
Si(100)  with  a  Eu  concentration  of  —0.77  at.  %  is  given  as  a  comparison. 
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III.  CONCLUSION 

In  summary,  the  growth  of  Eu-doped  CaF2  thin  films  on 
Si  with  different  orientations  and  Eu-doped  BaF2  layers  on 
Si(100)  have  been  achieved  by  MBE  using  an  elemental  Eu 
source.  Smooth  surface  morphology  is  obtained  for 
Eu-doped  CaF2  and  BaF2  on  Si(100)  using  in  situ  annealing 
and  two-stage  growth  techniques.  Very  bright  blue  to  violet 
luminescence  in  Eu-doped  CaF2  films  and  yellow  lumines¬ 
cence  in  Eu-doped  BaF2  layers  have  been  observed.  Energy 
shifts  in  the  ZPL  for  three  differently  oriented  CaF2  layers 
have  been  used  to  estimate  the  in-plane  thermal  strain  in  the 
epilayers. 
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ABSTRACT 

A  variety  of  spectroscopic  techniques  has  been  used  to  study  the  optical  properties  of  epitaxial 
GaN  based  materials  grown  by  metalorganic  chemical  vapor  deposition  and  molecular  beam  epitaxy.  The 
emphasis  was  on  the  issues  vital  to  device  applications  such  as  stimulated  emission  and  laser  action,  as 
well  as  earner  relaxation  dynamics.  Sharp  exciton  structures  were  observed  by  optical  absorption 
measurements  above  300  K,  providing  direct  evidence  of  the  formation  of  excitons  in  GaN  at 
temperatures  higher  than  room  temperature.  Using  a  picosecond  streak  camera,  the  time  decay  of  free 
and  bound  exciton  emissions  was  studied.  By  optical  pumping,  stimulated  emission  and  lasing  were 
investigated  over  a  wide  temperature  range  up  to  420  K.  In  addition,  the  optical  nonlinearity  of  GaN  was 
studied  using  wave  mixing  techniques. 


1.  INTRODUCTION 

GaN  based  wide  band-gap  m-V  nitride  semiconductors  currently  attract  much  attention  for  their 
applications  in  electronic  and  optoelectronic  devices,  such  as  high  power-high  efficiency  amplifiers,  UV, 
blue,  green,  and  yellow  LED's,  and  in  short-wavelength  laser  diodes.1-3  With  rapid  progress  in  nitride 
epitaxial  growth  technology,  high  quality  nitrides  single  crystal  epifilms  can  now  be  grown  on  such 
substrates  as  sapphire  and  SiC.  Recent  demonstration  of  superbright  high-efficient  blue  LED's,  the 
development  of  the  blue  laser  diode  based  on  nitride  heterostructures  by  the  Nichia  group4-5  and  the 
observation  of  optically  pumped  stimulated  emission  in  GaN  epifilms  by  a  few  groups6-7  have  led  to 
increased  interest  in  the  development  of  efficient  nitride  UV-visible  light  emitters. 


Although  assessment  of  the  properties  and  potential  applications  of  nitrides  is  actively  pursued  to 
accelerate  device  fabrication,  some  vital  issues  directly  related  to  optoelectronic  device  applications  such 
as  optically  pumped  stimulated  emission  and  lasing,  carrier  dynamics,  and  optical  nonlinearities  have  not 
been  fully  explored.  In  this  report,  we  present  the  results  of  optical  studies  on  the  properties  of  GaN 
based  epitaxial  materials  grown  by  metalorganic  chemical  vapor  deposition  (MOCVD)  and  molecular 
beam  epitaxy  (MBE)  on  sapphire  substrates.  Strong,  sharp  spectral  structures  associated  with  excitons 
in  GaN  based  materials  were  observed  in  all  samples  used  in  this  work  by  photoluminescence  (PL)  and 
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optical  absorption  measurements.  Optically  pumped  stimulated  emission  and  lasing  phenomena  in  GaN 
epitaxial  layers  and  GaN/AlGaN  heterostrucmres  were  investigated  using  high-power  pulsed  lasm 
Stimulated  emissions  exhibiting  longitudinal  cavity  modes  were  observed  over  a  wide  temperature  ran«e 
from  10  up  to  420  K.  The  dynamics  of  photoexc.ted  excess  carriers  in  high  quality 
investigated  by  transient  luminescence  spectroscopy  in  the  picosecond  regime  using  a  streak  camera  in 
the  region  of  near  band-edge  excitonic  emissions.  The  nonlinear  optical  properties  of  GaN  epitaxial  layers 
were  studied  using  degenerate  four-wave  mixing  experiments.  The  nonlinear  refractive  coefficient  of  GaN 
was  derived  by  examining  the  third  order  scattering  efficiency. 

2.  EXPERIMENTAL  DF.TATT  S 

mnnn  ^  ?N  Ufd  m  Ms  StUdy  Were  a11  nominaI1y  undoped  single-crystal  films  grown  on 

(0001)  sapphire  subsurates  by  MOCVD.  Thin  AIN  buffers  of  ~50  nm  were  deposited  on  sapphire 

bufL^TlT  rmr°M  0f  GaN‘  GaN  Iayers  were  deP°sited  at  1040°C  directly  on  the  AIN 

buffers.  The  GaN/AlGaN  separate  confinement  heterostructures  used  in  this  work  were  grown  on  (0001) 

sapphire  substrates  by  a  modified  reactive  MBE  at  a  substrate  temperature  near  800°C.  The  particular 
snucture  under  discussion  has  a  600  A  thick  AIN  layer,  directly  grown  on  sapphire,  followed  by  a  GaN 
buffer  layer  an  AlGaN  claddmg  layer,  a  lower  mole  fraction  AlGaN  waveguide  layer,  a  70  A  thick  GaN 
quantum  well,  which  is  capped  by  a  low  mole  fraction  AlGaN  waveguide,  and  an  AlGaN  cladding  layer 
rhe  quantum  well  was  doped  with  Si  to  a  level  of  5  x  1017cnr3. 

Various  optical  measurements  were  carried  out  on  the  samples.  Conventional  photoluminescence 
(PL)  spectra  were  measured  with  a  cw  HeCd  laser  (325  nm)  as  an  excitation  source  and  a  1-M  double- 
grating  monochromator  connected  to  a  photon-counting  system.  For  optical  absorption  measurements 
e  quasi-monochromatic  light  dispersed  by  a  %-M  monochromator  from  a  halogen  tungsten  lamp  was 
focused  on  the  sample,  and  the  transmission  signals  were  detected  using  a  lock-in  amplifier  system  Time- 
resolved  photoluminescence  (TRPL)  measurements  were  performed  using  a  frequency  tunable  pulsed  laser 

(2th  ^  m  d'arat1011,  f2MHz)  “  111  excitatlon  source  2nd  a  streak  camera  (2  ps  resolution),  in  conjunction 
with  a  1/4-M  monochromator  as  a  detection  system.  Stimulated  emission  and  lasing  experiments  were 
earned  out  employmg  side-pumping  geometiy.  A  frequency-doubled  pulsed  NdrYAG  laser  (532  nm)  with 
a  repetition  rate  of  10  Hz  was  used  to  pump  a  dye  laser  as  a  primary  optical  pumping  source  (10  ns).  The 
output  photon  energy  of  the  dye  laser  was  then  frequency  doubled  into  UV  wavelengths  to  photopump 
fre  CaN  samples^  The  wave  mixing  experiments  were  performed  using  frequency  doubled  laser  pulses 
geomemy  ^  ^  ^  *  mode'locked  2-switched  Nd:YAG  laser  (10  Hz)  in  a  forward  propagating  boxcar 


3.  RESULTS  AND  DISCUSSIONS 


3 . 1  Exciton  structures 

The  GaN  samples  studied  in  this  work  exhibit  strong  near-band-edge  exciton  luminescence.  PL 
spectra  taken  from  the  samples  are  shown  in  Fig.  1.  The  strongest  emission  line  marked  by  BX  in  the 
figure  has  a  full  width  at  half  maximum  (FWHM)  of  less  than  1.0  meV  at  10  K.  The  second  one,  labeled 
FX,  shows  a  FWHM  of  less  than  1.5  meV.  The  intensity  of  the  BX  peak  was  found  to  decrease  much 
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Fig.  1.  Exciton  luminescence  spectra  of  a  GaN  sample 
taken  at  different  temperatures.  The  inset  shows  the  10 
K  PL  spectrum  over  a  broad  spectral  range. 


Photon  Energy  (eV) 

Fig.  2.  Absorption  spectra  of  a  GaN  epitaxial  layer  in 
the  vicinity  of  fundamental  absorption  edge  at  different 
temperatures.  The  curves  are  vertically  displaced  for 
clarity. 


faster  than  that  of  the  FX  as  the  temperature  increased.  It  became  hardly  resolvable  when  the  temperature 
was  raised  to  above  100  K  (not  shown).  Such  variations  of  the  luminescence  intensity  as  a  function  of 
temperature  indicate  that  the  emission  line  can  be  attributed  to  the  radiative  recombination  of  excitons 
bound  to  neutral  donors.  The  second  strongest  luminescence  line,  together  with  the  weak  emission  feature 
on  the  higher  energy  side,  can  be  assigned  to  intrinsic  free-exciton  emissions.  The  inset  shows  a  broad 
range  of  the  typical  PL  spectrum  taken  at  10  K.  The  broadband  yellow  emission  and  a  weak  emission 
band  in  the  blue  spectral  region  were  observed. 

Optical  absorption  measurements  were  performed  on  the  GaN  over  a  wide  temperature  range  The 
results  for  a  thin  GaN  epitaxial  layer  in  the  vicinity  of  band  edge  at  various  temperatures  are  shown  in 
Fig.  2.  Sharp  absorption  peaks  on  the  lower-energy  side  of  the  fundamental  absorption  edge  are  observed 
and  are  associated  with  the  formation  of  excitons.  Fine  spectral  features  arising  from  the  Is  state  of  the 
intrinsic  free  excitons  associated  with  the  split-off  band  edges  of  wurtzite  GaN  can  be  well  resolved  at 
low  temperatures.  The  excitonic  absorption  resonance  can  be  clearly  observed  well  above  room 
temperature  up  to  higher  than  400  K.  Such  clear  observations  of  the  excitonic  absorption  resonance  above 
room  temperature  provide  the  direct  evidence  of  the  formation  of  excitons  in  GaN  at  temperatures  higher 
than  room  temperature  and  indicate  that  the  free  exciton  associated  with  the  fundamental  band  gap  of  GaN 
has  a  substantially  large  binding  energy.  However,  the  complicated  fundamental  band  edges  of  wurtzite 
GaN  make  it  rather  difficult  to  derive  exciton  binding  energy  unambiguously  from  the  absorption  spectra. 

We  also  note  that  a  weak  absorption  spectral  feature  is  clearly  visible  in  the  energy  region  of 
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about  100  meV  above  the  excitonic  resonance.  This  is  a  real  absorption  structure  though  it  is  weaker  and 
broader  than  the  main  absorption  structures.  It  was  also  observed  in  photoreflectance,  photoconductivity 
and  photoluminescence  excitation  spectra  taken  from  GaN  epitaxial  samples  with  various  layer  thicknesses 
grown  on  either  sapphire  or  SiC  substrates.  Its  temperature  dependence  is  found  to  follow  the  main 
absorption  edge,  reminiscent  of  the  transition  from  the  third  valence  band  (spin-orbit  split-off  band)  to 
the  conduction  band  in  zinc-blende  semiconductors. Unfortunately,  there  are  few  theoretical  band  structure 
calculations  for  wurtzite  GaN  detailing  the  band  lineups  in  the  vicinity  of  fundamental  band  gap  for 
comparison.The  identification  of  this  transition  requires  further  study.  F 

3.2 -Relaxation  dynamics  of  free  excitons  and  hound  excitons 

The  temporal  evolution  of  spectrally  integrated  exciton  luminescence  for  both  free-exciton  (FX) 
and  bound-exciton  (BX)  emissions  observed  in  a  GaN  sample  at  10  K  is  shown  in  Fig.  3.  The  overall  time 
resolution  of  the  experimental  system  used  for  conducting  the  measurements  is  less  than  15  ps.  The 
intrinsic  free-exciton  (FX)  luminescence  lines  in  these  samples  can  be  spectrally  well  resolved  from  that 
of  excitons  bound  to  neutral  donors,  as  shown  in  the  inset  in  the  figure.  That  allows  an  unambiguous 
determination  of  the  PL  decay  time  for  both  intrinsic  free  excitons  and  neutral-donor  bound  excitons  The 
lifetime  of  the  PL  decay  at  10  K  was  found  to  be  typically  about  35  ±5  ps  for  free  excitons  and  45-55  ps 
for  bound  excitons,  varymg  from  sample  to  sample  used  in  this  work.  The  measured  decay  time  is  much 
shorter  than  the  value  estimated  by  theoretical  considerations  regarding  the  radiative  lifetime  of  an  excited 
state  in  a  semiconductor,  where  the  radiative  lifetime 
of  bound  excitons  in  GaN  is  expected  to  be  on  the 
order  of  several  hundreds  of  picoseconds  and  that  of 
free  excitons  in  the  nanosecond  domain.8 

The  discrepancy  between  the  measured  values 
of  PL  decay  times  and  the  theoretical  estimated  ones 
can  be  attributed  to  nonradiative  relaxation  processes 
in  competition  with  the  radiative  channel.  The 
measured  PL  decay  time  only  yields  an  effective 
lifetime  (xeff)  for  free  excitons  and  bound  excitons.  It 
is  related  to  both  the  radiative  (tr)  and  nonradiative 
(tnr)  lifetimes  with  the  decay  rate  expressed  as 

l/teff=l/TR+l/tNR  (1) 

In  this  equation,  we  have  assumed  that  the 
nonradiative  decay  is  exponential  so  that  a  lifetime 
can  be  defined,  and  that  the  carriers  in  the  levels 
which  undergo  recombination  are  at  thermal 
equilibrium.  When  the  nonradiative  decay  rate  is 
larger,  the  measured  decay  time  is  characteristic  for 
the  nonradiative  processes  in  accordance  with  Eq.(l). 


Fig.  3.  Temporal  evolution  of  spectrally  integrated  PL 
for  both  intrinsic  free-exciton  and  bound-exciton 
emissions  in  a  GaN  sample  at  10  K. 
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Fig.  4.  Comparison  of  the  time  decay  of  ffee-exciton 
emission  between  two  GaN  samples  with  the  relative 
intensity  ratio  of  100:1  for  the  broadband  yellow 
emission  under  the  same  excitation  conditions. 


Temperature  (K) 

Fig.  5.  The  measured  decay  times  for  ffee-exciton 
emission  and  bound-exciton  emission  as  a  function  of 
temperature. 


This  situation  is  typical  for  recombination  from  intrinsic  states  of  semiconductors.9  The  nonradiative 
processes,  such  as  multiphonon  emission,  capture  by  deep  centers.  Auger  effect,  etc.,  give  rise  to  fast 
relaxation  of  the  excited  carriers  down  to  lower  states  from  which  they  decay  radiatively  or  relax 
nonradiatively.  As  a  result,  the  measured  PL  decay  time  for  a  given  excited  state  is  an  effective  lifetime 
and  usually  much  shorter  than  a  radiative  one.  The  slow  rise  of  bound-exciton  luminescence  intensity 
compared  to  that  of  the  free-exciton  PL  shown  in  Fig.  3  is  an  indicator  of  such  nonradiative  relaxation 
processes  for  free  excitons  arriving  at  the  bound  exciton  energy.  Therefore,  the  capture  of  excitons  and 
trapping  of  carriers  by  such  nonradiative  centers  at  defects  and  impurities  must  play  a  major  role  in  the 
recombination  processes  responsible  for  the  exciton  population  decay  in  the  GaN  samples  studied  in  this 
work.  In  fact,  the  measured  PL  decay  time  was  found  to  be  directly  related  to  the  intensity  of  broadband 
emissions  lying  in  the  GaN  band  gap.  The  broad  emission  structure  referred  to  as  yellow  emission  in  the 
literature  is  believed  to  be  associated  with  the  optical  transitions  between  the  energy  levels  involving 
impurity  and/or  defect  states.  The  intensity  of  yellow  emission  is  proportional  to  the  density  of  some 
particular  defects  or  impurities  present  in  samples.  We  found  that  the  stronger  the  yellow  emission,  the 
shorter  the  PL  decay  time  in  a  GaN  sample.  Fig.  4  compares  ffee-exciton  PL  decay  between  two  samples 
with  the  relative  intensity  ratio  of  100:1  for  the  yellow  emission  under  identical  excitation  conditions.  The 
deduced  lifetime  of  free-exciton  emission  in  the  sample  with  stronger  yellow  emission  is  only  15  ps 
(which  is  the  limit  of  our  instrumental  resolution).  Therefore,  the  fast  decay  behavior  of  the  intensity 
indicates  that  the  capture  of  excitons  and  trapping  of  carriers  at  defects  and  impurities  through 
nonradiative  combinations  dominate  the  decay  of  the  exciton  population. The  process  of  capture,  therefore, 
must  depend  on  the  density  of  defects  and  impurities  in  the  GaN  samples. 

The  influence  of  nonradiative  recombination  on  the  measured  decay  time  of  exciton  luminescence 
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can  be  further  manifested  by  the  effects  of  sample  temperature.  It  is  known  that  for  a  radiative 
recombination  dominant  system,  an  increase  in  the  radiative  lifetime  with  temperature  is  expected  for  the 
free  excitons10-11  since  their  average  kinetic  energy  is  increased.  The  thermal  redistribution  results  in  a 
decreasing  number  of  the  excitons  close  enough  to  the  Brillouin-zone  center  for  radiative  recombination. 
Also  the  lifetime  is  expected  to  be  independent  of  temperature  for  bound  excitons,  and  only  the  emission 
intensity  is  expected  to  decrease  because  of  thermal  ionization  of  the  bound  excitons.  However,  the 
bound-exciton  PL  decay  time  was  found  to  decrease  with  increasing  temperature  before  the  emission 
thermally  quenched,  and  the  free-exciton  PL  decay  time  measured  from  the  majority  of  samples  used  in 
this  work  exhibited  a  slow  decrease  with  temperature,  as  shown  in  Fig.  5.  Although  recombination  from 
excitons  bound  to  extrinsic  states  such  as  defects  or  impurities  can  often  be  very  efficient  at  low 
temperatures  as  demonstrated  by  Fig.  1,  the  measured  decay  time  is  still  determined  by  detailed  decay 
kinetics.  The  observed  decrease  of  PL  decay  time  with  temperature  for  the  bound  excitons  in  the  GaN 
samples  indicates  that  incrementally  stronger  nonradiative  relaxations  occur  as  the  temperature  increases, 
resulting  in  continued  faster  decay  of  the  exciton  population.  The  decrease  of  free-exciton  PL  in  both 
intensity  and  decay  time  with  temperature  suggests  that  the  nonradiative  processes  of  capture  of  free 
excitons  at  defects  or  impurities  prevail  in  the  competition  with  the  thermally  enhanced  exciton-exciton 
and  exciton-phonon  scatterings. 

3.3  Optically  pumped  stimulated  emission  and  lasing 

With  a  carefully  designed  optical  pumping  scheme,  optically  pumped  stimulated  emission  and  laser 
actions  were  achieved  in  the  GaN  samples  with  bar¬ 
like  shape  under  both  picosecond  and  nanosecond 
laser  excitations.  The  laser  actions  could  be 
observed  over  a  broad  temperature  range  from  10  K 
up  to  400  K.  All  samples  exhibit,  more  or  less, 
longitudinal  lasing  modes  in  their  emission  spectra. 

Fig.  6  plots  the  emission  intensity  against  the 
pumping  power  density.  The  observations  of 
superlinear  increase  in  intensity  with  the  excitation 
power  density,  together  with  the  spectral  narrowing 
and  the  complete  suppression  of  the  broad  emission 
background,  are  typical  characteristics  of  the 
occurrence  of  stimulated  emission.  The  onset  of  the 
superlinear  increase  in  emission  intensity  is  defined 
as  the  lasing  threshold.  The  threshold  was  found  to 
be  weakly  dependent  on  temperature.  Our  results 
yield  a  factor  of  less  than  two  for  the  increase  in  the 
threshold,  from  ~500  kW/cm2  at  10  K  to  -800 
kW/cm2  at  room  temperature  (295  K). 

Generally,  the  threshold  value  can  be 
affected  by  parameters  that  are  dependent  on  the 
pumping  source  and  sample.  For  a  given  optical 
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Fig.  6.  Measured  emission  output  vs.  Pumping  power 
density  at  10  K  and  room  temperature  (295  K).  The 
onset  of  the  superlinear  increase  in  emission  intensity 
is  defined  as  the  lasing  threshold. 
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pumping  source,  the  most  important  influence  on 
the  threshold  is  from  the  sample  itself  with  the 
threshold  varying  from  sample  to  sample.  This  can 
be  classified  into  two  groups:  one  is  associated 
with  material  properties,  such  as  impurities, 
crystallinity,  and  defects;  the  other  is  related  to  the 
sample  preparation,  such  as  laser  cavity  length  and 
the  quality  of  sample  edge  facets.  We  expect  that 
the  value  of  the  pumping  power  threshold  for 
lasing  in  GaN  can  be  lowered  substantially  by 
better  preparing  the  sample  facet  edges,  for 
example,  with  reflective  coating.  With  the 
crystalline  quality  further  unproved  and  better 
designed  laser  structures  for  carrier  confinement 
and  waveguiding,  such  as  double  heterostructures 
or  quantum  well  structures  being  used,  the  lasing 
threshold  is  also  expected  to  be  significantly 
lowered. 

The  specimens  used  in  this  optical  pumping 
experiment  were  bar-like  pieces  merely  cut  off 
rather  than  cleaved  from  the  large  GaN  wafer  due 
to  the  well-known  difficulties  of  forming  high 
quality  facets  in  sapphire.  However,  with  attempts 
to  finesse  the  cut  surfaces,  as  shown  in  Fig.  7,  we 
did  observe  some  substantial  improvements  in 
terms  of  Fabry-Perot  cavity  mode  fringes.  Fig.  8 
shows  a  comparison  of  three  lasing  spectra  taken 
under  almost  the  same  pumping  conditions  from 


Fig.  7.  Images  of  the  surface  morphology  of  GaN 
layers:  cutting  facet  without  polishing  (upper  portion) 
and  fine  polished  facet  (lower  portion).  The 
photographs  were  taken  by  SEM. 


three  specimens  subjected  to  different  treatments  and  demonstrates  the  progressive  improvement  of  the 
quality  of  observed  mode  fringes.  The  spectrum  exhibited  line-width  narrowing  and  mode  fringes 
enhancing,  after  the  specimen's  facet  edges  were  fine  polished.  When  a  set  of  external  mirrored  cavity 
was  imposed  to  the  samples,  the  mode  quality  was  much  improved.  In  addition,  the  emission  intensity 
was  found  to  increase  by  a  factor  of  two. 


We  have  also  performed  optical  gain  measurements  using  the  approach  of  monitoring  the  emission 
intensity  at  fixed  power  levels  by  varying  the  length  of  the  excitation  beam  on  an  as-cut  sample.  Fig.  9 
plots  the  emission  intensity  as  a  function  of  excitation  length  at  selected  pumping  power  levels.  The 
measured  gain  values  are  also  given  in  the  figure,  which  are  within  the  range  of  recently  published 
theoretical  calculation  results.12,13 


The  significant  reduction  of  room-temperature  threshold  has  been  recently  observed  in  MBE 
GaN/AlGaN  separate  confinement  heterostructure  (SCH)  samples.  The  pumping  threshold  for  stimulated 
emission  was  determined  to  be  ~90  kW/cm2,  approximately  one  order  of  magnitude  less  than  the  value 
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Change  of  Excitation  Length  (pm) 

Fig.  9.  The  variation  of  emission  intensity  with  the 
excitation  beam  length  on  an  as-cut  sample  surface  at 
selected  pumping  power  levels  at  295  K.  The  estimated 
optical  gain  values  for  the  GaN  sample  are  given  in  the 
figure.  The  pumping  threshold  1^=800  kW/cm2. 


Fig.  8.  Comparison  of  lasing  spectra  taken  at  295  K 
under  almost  the  same  excitation  conditions  from  three 
samples  subjected  to  progressive  treatments:  (a)  simply 
cut  from  wafer;  (b)  facet  surface  fine  polished;  (c) 
external  mirror  cavity  imposed. 


for  the  GaN  epitaxial  bulk  given  above  even  though 
the  SCH  sample  edges  were  not  cut  parallel  to  each 
other.  The  substantial  decrease  in  the  stimulated 
emission  threshold  can  be  attributed  to  the  carrier 
confinement  and  waveguiding  effects  of  the  SCH 
structure.  Detailed  discussions  of  the  results  will  be 
reported  elsewhere.14  It  should  be  noted  here  that  the  specimens  used  in  this  optical  pumping  experiment 
were  small  pieces  simply  cut  off  from  the  large  GaN/AlGaN  SCH  wafer  with  no  attempt  to  finesse  the 
cut  surfaces.  This  provides  a  basis  for  our  optimism  that  the  pumping  power  threshold  for  stimulated 
emission  and  lasing  in  these  samples  can  be  further  reduced  with  improved  facets. 


3.4  Picosecond  degenerate  four-wave  mixing  at  532  nm 


The  degenerate  wave  mixing  experiments  were  performed  using  frequency-doubled  pulses  from 
a  mode-locked,  Q-switched  Nd:YAG  laser  operating  with  a  repetition  rate  of  10  Hz.  The  532  nm  pulse 
(13  ps )  has  a  quasi-Gaussian  spatial  and  temporal  profile.  The  second  harmonic  output  of  the  laser  was 
equally  split  in  energy  into  two  pump  beams  and  one  probe  beam.  These  beams  were  spatially  and 
temporally  recombined  in  the  samples  in  a  forward  propagating  boxcar  geometry.15  The  two  pump  beams 
were  o-polarized,  while  the  probe  beam  was  it -polarized  in  order  to  increase  the  signal-to-noise  ratio  and 
minimize  interactions  between  the  pump  and  probe  beams .  An  energy  meter  preceded  by  a  polarizer  was 
used  to  detect  the  u -polarized  diffracted  signal.  At  the  front  surface  of  the  sample,  the  two  pump  beams 
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have  a  small  crossing  angle  (2Q).  The  probe  was  incident  on  the  interference  region  at  a  small  an*le  with 
respect  to  the  plane  of  the  pump  beams.  In  such  a  wave-mixing  geometry,  the  pump  beams  set  up  an 
interference  pattern  in  their  overlap  region  with  fringe  spacing  A  =  A./2sin0,  where  X  is  the  wavelength 
of  the  beams  in  free  space.  Intensity  dependence  causes  the  index  of  refraction  in  the  light  regions  of  die 
interference  pattern  to  differ  from  that  in  the  dark  region.  The  overlap  region,  therefore,  behaves  as  an 
index  grating  with  spacing  of  A.  An  incident  probe  beam  will  be  diffracted  from  this  grating  in  the 
directions  satisfied  by  the  phase  matching  conditions.  Fig.  10  shows  a  photograph  of  the  diffracted  sisals 
together  with  the  three  attenuated  incident  beams  when  they  are  temporally  overlapped  in  a  thick  GaN 
sample.  The  picture  was  taken  at  room  temperature  with  the  pump  beam  focal  spot  of  ~  500  m  and  the 
probe  beam  of  -400  \im  and  total  incident  irradiance  of  1.7  GW/cm2.  The  clearly  visible  patterned  spots 
are  diffracted  higher  order  wave-mixing  signals  in  the  phase-matching  directions.  The  strong  diffracted 
signals  m  this  wide  band-gap  material  are  consistent  with  the  elegant  band  charge  model,  which  predicts 
higher  nonlinearities  as  the  material  becomes  more  polar.16-18 

By  delaymg  the  arrival  of  the  probe  pulses  relative  to  the  pump  pulses,  the  response  of  the 
nonimear  optical  changes  such  as  scattering  efficiency  in  the  GaN  sample  was  studied.  The  scattering 
efficiency  is  defined  as  the  ratio  of  the  intensity  of  scattered  to  the  transmitted  probe  beam.  Scattering 
efficiency  for  an  index  grating  can  be  expressed  as:15 

Tj(r)  /scattered  ^transmitted  ^2) 

where  k  is  the  wave  vector  of  the  probe  beam,  A n(t)  is  the  time  dependent  index  change  and  /  is  the 
sample  thickness.  Fig.  11  illustrates  the  change  of  scattering  efficiency  as  a  function  of  the  time  delay 
of  the  probe  beam.  The  non-exponential  temporal  evolution  of  the  scattering  efficiency  is  primarily  caused 


Fig.  10.  Photograph  of  the 
wave  mixing  signals 
showing  three  attenuated 
pump  and  probe  beams  and 
higher  order  nonlinear 
diffracted  signal  spots.  The 
laser  photon  energy  (2.33 
eV)  is  well  below  the  room- 
temperature  GaN  band  gap 
(3.42  eV). 
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by  the  decay  of  the  pump-induced  refractive 
index  grating  due  to  the  combined  effects  of 
both  recombination  and  diffusion  of  excited 
carriers.  At  zero  delay,  a  maximum  scattering 
efficiency,  of  4xl0'5  was  obtained.  It 
corresponds  to  an  index  change,  A n(0),  of 
1.2x1  O'3.  This  change  can  be  related  to  the 
pump  beam  intensity  through  an  effective 
nonlinear  refractive  coefficient,  n2,  defined  as 

A  n(O)=nJ0.  (3) 

Provided  the  pump-beam  irradiance  of  1.2 
GW/crr?,  a  value  of  1  x  10"3  cm? /GW  was  derived 
for  the  effective  nonlinear  refractive  index  n2 
from  Eq.(3).  Compared  to  the  value  of  other 
wide  band-gap  semiconductor  materials,  for 
instance,  6.7  xlO'5  cn?/GW  for  ZnSe,19  it  is 
more  than  an  order  of  magnitude  higher, 
indicating  the  large  optical  nonlinearities  for 
GaN. 


Fig.  11.  Scattering  efficiency  measured  as  a  function 
of  the  time  delay  of  probe  pulse.  A  maximum 
refractive  index  change  can  be  derived  from  the  result 
at  zero  delay. 


4.  CONCLUSIONS 

Strong,  sharp  spectral  structures  associated  with  excitons  in  epitaxial  GaN  based  materials  were 
observed  in  photoluminescence  and  optical  absorption  spectra  over  a  wide  temperature  range.  In 
particular,  the  observation  of  sharp  absorption  peaks  at  the  lower  energy  side  of  the  absorption  edge 
above  room  temperature  provided  direct  evidence  of  the  formation  of  excitons  in  GaN  at  high 
temperatures  (>300  K).  The  relaxation  dynamics  of  photoexcited  carriers  in  GaN  were  studied  by 
examining  the  radiative  decay  of  exciton  emissions  using  time-resolved  photoluminescence  spectroscopy. 
We  found  that  the  capture  of  excitons  and  trapping  of  carriers  at  defects  and/or  impurities  through 
nonradiative  relaxation  processes  dominate  the  decay  of  exciton  population,  resulting  in  a  very  short 
decay  time  for  both  free -exciton  and  bound-exciton  emissions .  The  capture  process  depends  on  the  density 
of  impurities  and  defects  in  the  GaN  samples.  Optically  pumped  stimulated  emission  and  lasing 
phenomena  in  GaN  and  AlGaN/GaN  heterostructures  were  investigated  using  high-power  pulsed  lasers. 
Stimulated  emission  and  laser  action  were  observed  over  a  wide  temperature  range  from  10  K  to  ~420 
K.  The  pumping  power  threshold  for  lasing  was  estimated  as  -500  kW/cm2  at  10  K  to  -800  kW/cn?  at 
295  K  for  bulk  GaN  epitaxial  samples.  The  MBE  grown  GaN/AlGaN  SCH  samples  were  found  to  exhibit 
stimulated  emission  threshold  pumping  powers  as  low  as  90  kW/cn?  at  room  temperature.  This  represents 
an  order  of  magnitude  reduction  over  the  bulk  GaN.  The  results  suggest  that  the  carrier  confinement  and 
waveguiding  effects  of  the  SCH  samples  give  rise  to  a  substantial  decrease  in  the  stimulated  emission 
threshold.  In  addition,  we  found  that  the  lasing  mode  quality  can  be  substantially  improved  by  finessing 
the  cut  facet  edges  of  GaN  on  sapphire  substrates.  Strong  high  order  nonlinear  diffraction  signals  of 


degenerate  four-wave  mixing  were  found  in  GaN  epitaxial  layers  in  three-beam  forward  propagating 
boxcar  geometry.  The  nonlinear  refractive  index  at  532  nm  was  determined  for  GaN  by  the  measurement 
of  maximum  absolute  scattering  efficiency  using  picosecond  wave  mixing  technique. 
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Pulsed  probe  degenerate  four  wave  mixing  experiments  were  performed  on  GaN  epilayers  using  13 
ps  pulses  at  532  nm.  Intensity  and  time  response  of  the  scattering  efficiency  was  studied.  Intensity 
dependence  of  the  observed  signal  suggests  carrier  generation  by  both  single  and  two  photon  effects. 
The  absolute  scattering  efficiency  was  measured  and  related  to  pump-induced  nonlinear  index 
change.  The  nonlinear  refractive  coefficient  found  was  1  X  1(T 3  cm2/GW  which  is  greater  than  an 
order  of  magnitude  larger  than  the  expected  value.  Time  response  of  the  signal  was  found  to  be 
dictated  by  earner  lifetimes.  Double-exponential  decays  to  trap  levels  with  lifetimes  of  100  ps  and 
1.1  ns  are  suggested  as  the  dominant  recombination  processes.  ©  1996  American  Institute  of 
Physics .  [S0003-695 1  (96)03905-4] 


Gallium  nitride  shows  great  promise  as  a  potential  ma¬ 
terial  for  blue  emitting  diodes  and  lasers.  To  this  end,  a  num¬ 
ber  of  experiments  have  been  performed  to  study  its  physical 
and  opdeal  properties.  These  include  studies  of  its 
photoluminescence,1’2  photoreflectance,3  and  lasing  proper¬ 
ties.  The  latter  have  been  done  for  a  wide  range  of  tempera¬ 
ture  using  nanosecond4^10  and  picosecond11  pumping.  How¬ 
ever,  few  studies  have  been  performed  on  the  nonlinear 
optical  properties  of  GaN.12-14  These  properries  are  an  im¬ 
portant  aspect  of  any  material  to  be  used  for  optoelectronics. 
There  have  been  some  studies  focusing  on  the  second-order 
process  such  as  second  harmonic  generation12,13  and  the 
electro-optic  effects.14  To  our  knowledge,  however,  third- 
order  effects  have  not  yet  been  investigated.  In  this  letter,  we 
present  the  results  of  pulsed  probe  degenerate  four  wave 
mixing  (FWM)  experiments  in  GaN  epilayers. 

The  experiments  were  performed  on  a  7  jim  GaN 
sample  grown,  using  MOCVD,  on  a  sapphire  substrate  with 
an  AIN  buffer.  The  study  was  done  using  frequency  doubled 
pulses  from  a  mode-locked,  Q-switched  Nd:YAG  laser  oper¬ 
ating  with  a  repetition  rate  of  10  Hz.  The  532  nm  pulses  had 
a  quasi-Gaussian  spatial  and  temporal  profile  with  an  g-1  of 
13  ps.  Each  pulse  was  split  in  three  pulses  of  equal  energy 
which  were  spatially  and  temporally  recombined  in  the 
sample  in  a  forward  propagating  boxcar  geometry.15  The  ad¬ 
vantage  of  this  geometry  over  the  conventional  counter- 
propagating  technique  is  that  the  scattered  signals  are  spa¬ 
tially  separated  from  the  input  beams.  This  enhances  the 
signal-to-noise  (S/N)  ratio  and  allows  direct  measurement  of 
the  absolute  scattering  efficiency.  The  two  pump  beams  were 
cr  polarized  while  the  probe  beam  was  it  polarized  in  order  to 
increase  the  S/N  ratio  and  minimize  interactions  between  the 
pump  and  probe  beams.  An  energy  meter  preceded  by  a  po¬ 
larizer  was  used  to  detect  the  7r-polarized  diffracted  signal. 
At  the  front  surface  of  the  sample,  the  pump  beams  had  a 
beam  radius  of  500  ^m  and  a  crossing  angle  29,  of  2°.  The 
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probe  was  incident  on  the  interference  region  at  an  angle  of 
1.7°  with  respect  to  the  plane  of  the  pump  beams.  Its  beam 
radius  was  slightly  smaller  at  400  /xm.  The  smaller  radius 
allows  the  central  portion  of  the  interaction  region  between 
the  pump  beams  to  be  monitored.  This  reduces  errors  that 
can  occur  because  of  the  finite  radial  extent  of  the  pump 
beams. 

The  observed  behavior  can  be  qualitatively  described  as 
follows.  The  pump  beams  set  up  an  interference  pattern  in 
the  overlap  region  with  fringe  spacing  A=\J2sin  0 ,  where  9 
is  the  wavelength  of  the  beams  in  free  space.  Intensity  de¬ 
pendence  of  the  refractive  index  causes  the  index  of  refrac¬ 
tion  in  the  light  regions  of  the  interference  pattern  to  differ 
from,  that  in  the  dark  region.  The  overlap  region,  therefore, 
behaves  as  an  index  grating  with  spacing  A,  which  for  our 
geometry  is  14  /xm.  An  incident  probe  beam  scatters  from 
this  grating  in  a  direction  satisfied  by  the  phase  matching 
condition.  By  delaying  the  arrival  of  the  probe  beam  the  time 
response  of  these  nonlinear  optical  changes  can  be  studied. 

Figure  1  shows  the  scattering  efficiency  as  a  function  of 
the  probe  beam  delay.  Here,  the  scattering  efficiency  is  de- 


0  200  400  600  800  1000 

Probe  delay  (ps) 


FIG.  I.  Scattering  efficiency  77,  os  a  function  of  the  probe  beam  arrival 
delay.  77  at  zero  delay  is  a  result  of  a  maximum  index  change  of  1.2 
X  10  3.  A  double  exponential  model  fit  to  the  time  response  was  used  to 
estimate  recombination  to  trap  lifetimes  of  I00±10  ps  and  lz:0.2  ns. 
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fined  as  the  ratio  of  the  scattered  to  the  transmitted  probe 
beam.  All  beams  had  equal  energy  resulting  in  total  incident 
irradiance  of  1.7  GW/cm2  at  the  sample.  Scattering  effi¬ 
ciency  for  an  index  grating  is15 

/  /scattered  .  J  k£ui(t)l\  I  ki\n{t)l\2 

v{t)=- - =sm1-^r-H— rH  -  (a 

1  transmitted  \  L  I  \  L 

where  k  is  the  probe  wave  vector,  A n(t)  is  the  time  depen¬ 
dent  index  change,  and  /  is  the  sample  thickness.  At  zero 
delay,  a  maximum  scattering  efficiency  of  4X1CT3  corre¬ 
sponds  to  an  index  change  An(0),  of  1.2X  10-3.  This 
change  can  be  related  to  the  pump  beam  intensity  through  an 
effective  nonlinear  refractive  coefficient  n2.  From  the  defini¬ 
tion 

A/io  =  /i27o>  (2) 

and  using  pump  beam  irradiance  of  1.2  GW/cm2  required 
for  this  index  change,  a  value  of  1  X  10“ 3  cm2/GW  is  deter¬ 
mined  for  nv  This  is  much  larger  than  the  expected  range 
for  semiconductors.  For  example,  ZnSe  has  a  value  of 
6.7X  lO”3  cm2/GW  at  532  nm.16  Since,  at  this  wavelength, 
the  ratio  between  the  photon  and  band-gap  energies 
( EJfuo )  is  larger  for  GaN  than  ZnSe,  a  smaller  value  of 

^  i 

n2  is  expected  for  GaN,  in  contradiction  to  the  observation. 
The  origin  of  this  enhancement  is  not  known  but  could  be 
related  to  presence  of  defects  or  impurities  in  GaN. 

A  change  in  the  refractive  index  in  undoped  semiconduc¬ 
tors  can  be  due  to  (i)  bound  electrons,  (ii)  free  carriers  gen¬ 
erated  via  band-to-band  or  trap-to-band  excitation,  or  (iii) 
excited  states  arising  from  band-to-trap  transitions.  In  gen¬ 
eral,  all  effects  are  present,  however,  the  lifetimes  of  the 
index  changes  arising  from  different  mechanisms  may  sig¬ 
nificantly  vary.  The  lifetimes  of  bound  electronic  nonlineari¬ 
ties  are  shorter  than  the  picosecond  pulses  used  here.17  Ef¬ 
fects  arising  from  bound  electrons,  therefore,  are  limited  to 
the  autocorrelation  time  of  the  three  beams.  From  the  mag¬ 
nitude  of  the  scattered  signal  at  longer  delays,  it  can  be  con¬ 
cluded  that  bound  electronic  effects  have  an  insignificant 
contribution  to  the  observed  scattering.  Focusing  on  the 
band-to-trap  transitions,  a  grating  created  through  this 
mechanism  has  a  time  response  associated  with  trap-to-band 
recombination  lifetimes.  These  lifetimes  are  many  orders  of 
magnitude  longer  than  the  observed  time  response.  There¬ 
fore,  effects  from  band-to-trap  transitions  can  also  be  ig¬ 
nored.  Free-carrier  generation  remains  as  the  primary  cause 
of  the  index  grating.  The  decay  of  the  signal  is,  then,  due  to 
recombination  and/or  migration  of  the  excited  carriers.  For  a 
purely  diffusive  decay,  carriers  migrate  from  the  light  re¬ 
gions  of  the  grating  to  the  dark  regions,  washing  out  the 
index  modulation.  The  decay  rate  for  such  a  case  is  given 
by:15,18 


1  4  t t2D 


where  D  is  the  diffusion  constant.  Typical  values  of  D 
(1-10  cm2/s),19  result  in  recombination  lifetimes  of,  at 
least,  several  nanoseconds.  The  nonlinearity  of  the  semilog 
plot  of  scattering  efficiency  versus  probe  delay  suggests  mul- 


o.i  1  10 

Input  Irradiance  (GW/cm2) 


FIG.  2.  Dependence  of  the  scattering  efficiency  as  a  function  of  the  pump 
beam  irradiance.  The  slope  of  the  log-log  plot  represents  the  order  of  the 
process.  A  value  of  3.1  was  obtained  for  the  order  indicating  that  both 
single-  and  two-photon  effects  play  a  significant  role. 

tiple  recombination  rates.  Assuming  two  recombination  pro¬ 
cesses,  a  fit  to  the  decay  rate  can  be  obtained  with  recombi¬ 
nation  lifetimes  of  100±10  ps  and  1.1  ±0.2  ns.  The  observed 
time  response  suggests  that  diffusion  plays  an  insignificant 
role  in  the  decay.  Recombination,  therefore,  is  the  dominant 
mechanism  for  grating  decay.  The  observed  lifetimes  are  too 
small  for  band-to-band  recombination  rates  in  wide-gap 
semiconductors.20  This  suggests  that  recombination  to  trap 
states  are  the  dominant  mechanism  for  the  grating  decay. 
These  values  are  consistent  with  our  other  observations  of 
recombination  lifetimes  to  trap  levels  in  GaN.21 

For  trap  recombination  to  be  the  dominant  mechanism  of 
grating  decay,  the  number  of  generated  carriers  must  be  less 
than  the  number  of  traps  available.  In  our  case,  the  photon 
energy  of  the  laser  (2.33  eV)  is  smaller  than  the  band  gap  of 
GaN  (3.44  eV)  restricting  direct  single  photon,  band-to-band 
excitation.  Single  photon  absorption  by  trapped  states  or 
band-to-band  transitions  through  two-photon  absorption  are 
the  only  mechanisms  for  carrier  generation.  The  latter  may 
take  place  via  an  interstitial  level,  such  as  a  trap,  or  through 
virtual  states.  To  determine  if  band-to-band  transitions  are 
the  dominant  mechanism  of  carrier  generation,  the  intensity 
dependence  of  the  scattering  efficiency  at  zero  delay  was 
studied.  For  carrier  induced  index  changes,  scattering  effi¬ 
ciency  is  directly  related  to  the  carrier  concentration  N  by 

77a(An)2  =  (cr/V)2,  (4) 

where  cr  is  the  index  change  per  carrier  as  predicted  by 
Drude  model.  For  single  photon  generation  (trap-to-band),  N 
is  related  to  the  pump  irradiance,  /,  whereas  for  two-photon 
generation  (band-to-band),  it  is  related  to  I2.  Therefore,  scat¬ 
tering  efficiency  increases  as  /2  for  single  photon  and  as  /4 
for  two-photon  effects,  respectively.  Figure  2  shows  the  scat¬ 
tering  efficiency  at  zero  delay  as  a  function  of  pump  beam 
irradiance.  In  the  log-log  plot  shown,  the  slope  gives  the 
order  of  the  process.  In  this  case,  scattering  efficiency  is 
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found  to  depend  on  /31.  Therefore,  it  can  be  concluded  that 
both  single  and  two-photon  absorption  play  a  significant  role 
in  the  carrier  generation.  Since  the  samples  are  transparent  in 
the  wavelength  range  of  the  laser  used,  relatively  low  carrier 
concentrations  are  obtained  from  single  photon  absorption. 
The  importance  of  both  mechanisms  on  the  scattering  effi¬ 
ciency  suggests  that  two-photon  absorption  also  leads  to 
reladvely  small  carrier  generation.  For  the  small  number  of 
carriers  generated  and  the  high  density  of  trap  sites  available 
in  GaN,  the  primary  mechanism  of  decay  is  likely  to  be 
recombinadon  to  traps. 

In  conclusion,  pulsed  probe  degenerate  four  wave  mix¬ 
ing  experiments  were  performed  on  GaN  epilayers  using  13 
ps  pulses  at  532  nm.  Time  response  of  the  FWM  signal  sug¬ 
gests  the  presence  of  a  laser  induced  grating  of  generated 
carriers  with  a  multiexponential  decay  characteristic.  Using  a 
double  exponential  model,  fits  with  lifetimes  of  100  ps  and 
1.1  ns  were  obtained  for  grating  decay  times.  Carrier  decays 
to  trap  levels  are  proposed  as  the  primary  mechanism  for  the 
graung  decay.  Intensity  dependence  of  the  scattering  effi¬ 
ciency  at  zero  delay  demonstrated  that  both  single-  and  two- 
photon  effects  contribute  to  carrier  generation.  Measurement 
of  the  maximum  absolute  scattering  efficiency  resulted  in  a 
value  of  1  X  10~3  cmr/GW  for  the  nonlinear  refracdve  co¬ 
efficient  This  value  is  more  than  an  order  of  magnitude 
larger  than  expected  for  this  coefficient.  This  may  be  due  to 
the  presence  of  traps  or  impurities  in  GaN  leading  to  single 
photon  as  well  as  two-photon  resonances. 

The  work  at  Oklahoma  State  University  has  been  sup¬ 
ported  by  ARPA,  ONR,  AJFOSR,  ARO,  and  OCAST. 
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Strong  near-ultraviolet  stimulated  emission  was  observed  at  room  temperature  in  GaN/AIGaN 
separate  confinement  heterostructures  (SCH)  grown  by  molecular  beam  epitaxy  (MBE)  on  sapphire 
substrates.  The  MBE  grown  GaN/AIGaN  SCH  samples  exhibited  stimulated  emission  threshold 
pumping  powers  as  low  as  90  kW/cm2  at  room  temperature  under  the  excitation  of  a 
frequency-tunable  nanosecond  laser  system  with  a  side-pumping  configuration.  This  represents  an 
order  of  magnitude  reduction  over  bulklike  GaN.  Our  results  suggest  that  the  carrier  confinement 
and  waveguiding  effects  of  the  SCH  samples  result  in  a  substantial  decrease  in  the  stimulated 
emission  threshold.  ©  1996  American  Institute  of  Physics.  [S0003-695 1(96)01 9 13-9] 


GaN  based  wide-band-gap  group  III- V  nitride  semicon¬ 
ductors  have  attracted  a  good  deal  of  attention  recently  be¬ 
cause  of  their  potential  applications  in  electronic  and  opto¬ 
electronic  devices,  such  as  high  power-high  efficiency 
amplifiers,  TJV,  blue,  green,  and  yellow  LEDs,  and,  as  yet  to 
be  demonstrated,  short  wavelength  laser  diodes.1-3  With 
rapid  progress  in  nitride  epitaxial  growth  technology,  high 
quality  nitride  single  crystalline  epitaxial  layers  can  now  be 
grown  on  sapphire  and  SiC  substrates.  Recent  demonstration 
of  superbright  high-efficient  violet,  blue,  green,  and  yellow 
LEDS  based  on  nitride  heterostructures  by  the  Nichia  group4 
and  the  reports  on  the  observation  of  optically  pumped 
stimulated  emission  in  GaN  epitaxial  layers5-10  have  fueled 
an  intense  interest  in  the  development  of  nitride  based  UV- 
visible  light  emitters.  However,  pivotal  issues  pertinent  to 
optical  processes  in  lasers  have  not  been  fully  explored.  In 
this  report,  we  discuss  our  investigadon  of  the  optically 
pumped  stimulated  emission  in  GaN/AIGaN  separate  con¬ 
finement  heterostructures  (SCH)  at  room  temperature.  The 
stimulated  emission  phenomena  in  the  GaN/AIGaN  SCH 
samples  were  investigated  using  a  high-power  pulsed  laser 
system.  Strong  near-violet  stimulated  emissions  were 
achieved  at  room  temperature  using  a  “side  pumping”  ge¬ 
ometry.  We  observed  that  the  pumping  power  required  for 
stimulated  emission  is  significantly  lowered  due  to  the  quan¬ 
tum  confinement  and  waveguiding  effects  of  the  SCH  struc¬ 
ture  compared  to  bulklike  epitaxial  GaN  layers. 

The  GaN/AIGaN  separate  confinement  heteorstructures 
used  in  this  work  were  grown  on  (0001)  sapphire  substrates 
by  a  modified  reactive  MBE  at  a  substrate  temperature  near 
800  °C.  The  particular  structure  under  discussion*  has  a  600 
A  thick  AIN  layer,  directly  grown  on  sapphire,  followed  by  a 
GaN  buffer  layer,  an  AlGaN  cladding  layer,  a  lower  mole 
fraction  AlGaN  waveguide  layer,  a  70  A  thick  GaN  quantum 
well,  which  is  capped  by  a  low  mole  fraction  AlGaN  wave¬ 
guide,  and  an  AlGaN  cladding  layer.  The  quantum  well  was 
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doped  with  Si  to  a  level  of  5  X  10n  cm"3.  Samples  having  a 
size  of  3X 1  mm2  were  cut  and  mounted  on  a  sapphire  heat 
sink,  and  then  attached  to  a  copper  sample  holder  for  optical 
pumping  experiments.  The  primary  optical  pumping  source 
of  the  experimental  system  consists  of  a  frequency-tunable 
dye  laser  pumped  by  the  second  harmonic  laser  beam  (532 
nm)  of  a  pulsed  Nd:YAG  laser  with  -10  ns  pulse  width  and 
10  Hz  repetition  rate.  The  output  of  the  dye  laser  was  then 
frequency  doubled  to  achieve  a  near-UV  pumping  wave¬ 
length.  The  laser  beam  was  focused  on  the  sample  surface 
using  a  cylindrical  lens  to  form  a  rectangular  excitation  spot 
on  the  sample  for  uniform  pumping.  The  excitation  intensity 
of  the  laser  light  on  the  sample  was  varied  continuously  us¬ 
ing  a  variable  neutral  density  filter,  and  the  pumping  power 
densities  were  recorded  by  a  power  meter.  The  emission  sig¬ 
nal  was  collected  from  the  edge  of  the  GaN/AIGaN  SCH 
samples  into  a  1-M  monochromator  then  detected  by  either  a 
CCD  camera  or  a  photomultiplier  tube  in  conjunction  with  a 
boxcar  averager. 

Figure  I  shows  the  room-temperature  emission  spectra 
of  the  GaN/AIGaN  SCH  samples  taken  at  different  excitation 
power  densities.  Under  the  conditions  of  low-excitation 
power  densities,  the  observed  spectra  exhibit  a  relatively 
weak  and  broad  emission  feature  with  the  peak  position 
around  365  nm,  and  the  emission  intensities  linearly  increase 
with  the  excitation  power  density,  showing  the  typical  char¬ 
acteristic  of  spontaneous  emission.  As  the  excitation  power 
density  increases,  a  sharp,  narrow  emission  feature  appears 
on  the  higher  energy  side  of  the  spontaneous  emission  peak. 
The  position  of  the  maximum  of  this  new  emission  feature  is 
—361.5  nm.  Its  emission  intensity  increases  superlinearly 
with  the  excitation  power.  This  new  emission  structure  be¬ 
comes  the  dominant  feature  as  the  pumping  power  density  is 
further  increased.  Under  the  conditions  of  high-excitation 
power  densities,  the  output  of  the  emission  from  the  GaN 
SCH  samples  was  very  intense.  The  observations  of  spectral 
narrowing,  a  superlinear  increase  in  intensity  with  the  exci- 
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A  single  beam  technique  is  introduced  to  determine  the  magnitude  and  sign  of  third  order  nonlinear 
optical  coefficients  of  materials  using  intensity  dependence  of  the  complex  refractive  index.  It  is 
applicable  to  a  large  range  of  materials  including  those  with  a  low  damage  threshold  such  as 
polymers  and  absorbing  glasses.  It  is  used  to  determine  the  two  photon  absorption  and  nonlinear 
refraction  coefficients  of  Qq  in  toluene.  Concentration  dependence  of  the  nonlinear  optical 
coefficients  results  in  second  hyperpoianzabilities  of  10“ 31  (esu)  for  C60.  ©  1996  American 
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Since  its  discovery,  C60  has  been  the  subject  of  numer¬ 
ous  investigations.  There  have  been  indications  of  laree  op¬ 
tical  nonlinearities  due  to  their  delocalized,  “-conjugated 
electrons.1  This  makes  these  materials  potentially  attractive 
for  optical  switching.  To  this  end,  experiments  using  third 
harmonic  generation,2  electric  field  induced  second  harmonic 
generation/  and  degenerate  four-wave  mixing  (DFWM) 
have  been  carried  out  on  these  materials.  The  latter  has  been 
performed  with  a  variety  of  pump  wavelengths  using 
nanosecond,4  picosecond/'3  and  femtosecond9  laser  pulses. 
The  pump-probe  studies  suggest  that  the  nonlinear  optical 
properties  of  these  materials  have  an  instantaneous  response 
due  to  their  ;/3),  and  a  long  lived  component  characteristic 
of  excited  state  population.  The  instantaneous  response, 
however,  has  been  shown  to  dominate  the  nonlinear  optical 
properties  during  the  duration  of  the  pump  beams.10 

There  is  a  considerable  variation  in  the  reported  experi¬ 
mentally  obtained  numerical  values  of  x(3)  of  these  materials 
in  solution.  Using  DFWM,  Blau  et  al.5  estimated  a  relatively 
large  *(3)  of  -  1CT3  (esu).  This  value  was  refuted  by  Kafafi 
et  a/.6  whose  measurements  resulted  in  a  much  smaller  value 
of  —  10  12  (esu).  Neither,  however,  reported  any  contribu¬ 
tions  due  to  toluene.  Femtosecond  DFWM9  and  third  har¬ 
monic  generation2  experiments  have  resulted  in  values  of 
~  10  10  (esu).  More  recently,  concentration  dependence  of 
picosecond  degenerate  four  wave  mixing  at  532  am  yielded  a 

value  of - 10“ 13  (esu)/  There,  the  DFWM  signal  was 

assumed  to  arise  Irom  the  real  part  of  the  solution  and  the 
imaginary  part  of  the  solute.  The  single  beam  technique. 
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namely  Z  scan,11  can  yield  both  the  magnitude  and  sign  of 
the  nonlinear  optical  coefficients.  However,  this  simple  and 
powerful  technique  requires  movement  of  the  sample  across 
the  focal  plane  of  a  converging  lens  which  in  materials  with 
absorption  can  result  in  irreversible  damage.12 

In  this  study,  a  simple  and  reliable  single  beam  technique 
is  introduced  to  determine  the  magnitude  and  the  sign  of  the 
real  and  imaginary  parts  of  *(3)  in  materials  with  a  low  dam¬ 
age  threshold.  A  pulse  of  light  is  passed  through  a  waveplate- 
polarizer  combination  followed  by  a  lens.  The  sample  is 
placed  a  Rayleigh  length  c0,  behind  the  focal  plane  of  the 
lens.  Transmission  through  an  aperture  placed  a  distance  d 
behind  the  sample  is  then  monitored  as  a  function  of  the 
input  pulse  energy.  Third-order  nonlinear  optical  properties 
result  in  changes  in  the  index  of  refraction  n  and  the  absorp¬ 
tion  coefficient  a  of  the  sample.  For  a  spatially  radial  input 
beam  profile,  the  material  response  is  equivalent  to  an  inten¬ 
sity  dependent  absorptive  lens  with  the  sign  and  magnitude 
of  the  optical  nonlinearity  dictating  its  strength  and  nature. 
For  lossless  medium,  lensing  from  the  sample  changes  the 
beam  divergence  at  the  aperture.  Variation  in  the  on-axis  ir- 
radiance  at  the  aperture  plane  is  indicative  of  beam  diver¬ 
gence  and  can  be  monitored  using  a  small  radius  iris.  The 
intensity  dependence  of  the  small  aperture  transmission  can, 
then,  be  directly  related  to  the  real  part  of  *(3\  The  presence 
of  nonlinear  absorption  results  in  an  intensity  dependent  ab¬ 
sorption  coefficient.  The  intensity  dependence  of  transmis¬ 
sion  through  the  sample  can  be  obtained  by  fully  opening  the 
aperture  and  collecting  the  entire  beam.  In  this  case,  the  ef¬ 
fects  from  lensing  become  minimal  so  the  changes  can  be 
related  to  the  imaginary  pan  of  xi2)>  Therefore,  by  perform¬ 
ing  an  open  and  small  aperture  transmission  experiment, 
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both  the  sign  and  magnitude  of  the  complex  ,y(3)  can  be 
determined. 

There  are  several  advantages  in  performing  an  intensity 
scan  over  the  Z-scan  technique.  First,  the  sample  never 
crosses  the  focal  plane  where  it  is  exposed  to  large  irradi- 
ance.  The  effects  due  to  lensing  are  minimal  at  the  focal 
plane,  therefore  this  exposure  yields  no  additional  informa¬ 
tion  about  material  lensing.  Second,  results  from  each  pulse 
can  be  stored  to  give  a  continuous  range  over  the  input  irra- 
diance.  This  helps  isolate  third-order  effects  from  higher- 
order  noniinearities  as  well  as  reducing  the  total  exposure 
time  to  a  few  seconds.  The  latter  minimizes  nonlinearities 
due  to  long  exposure  times  such  as  thermal  lensing.  Third, 
since  the  only  role  of  the  focusing  lens  is  to  enhance  the 
effect,  thin  sample  formalism  can  be  easily  invoked  by  a 
suitable  choice  in  its  focal  length.  Recall  that  in  a  thin  me¬ 
dium  formalism  used  in  current  theories,  the  sample  thick¬ 
ness  is  assumed  to  be  much  smaller  than  the  Rayleigh  range 
of  the  lens.lj  Z  scan  using  a  lens  with  a  focal  length  that 
meets  this  criteria  is  impractical.  Finally,  other  position  de¬ 
pendent  parameters  affecting  the  results,  namely  beam  ra¬ 
dius,  radius  of  curvature,  and  sample  position,  remain  fixed. 
This  eases  the  numerical  fittings  developed  for  Z  scan,  which 
are  also  applicable  to  this  case. 

To  test  the  applicability  of  the  method  presented,  single 
pulses  from  a  mode-locked,  Q-switched  Nd:YAG  laser  oper¬ 
ating  at  10  Hz  were  frequency  doubled  to  \  =  532  nm  with  a 
e  - 1  width  of  13  ps.  The  beam  was  focused  using  a  1  m  focal 
length  lens  preceded  by  a  waveplate -polarizer  combination 
to  allow  for  a  continuous  change  in  its  energy.  Several  C60  in 
toluene  solutions  were  filtered  and  poured  into  a  2  mm  thick 
cuvette  and  placed  30  cm  behind  the  focal  plane  of  the  lens. 
The  choice  of  this  distance  was  based  on  Z-scan  experiments 
showing  that  greatest  lensing  effects  are  observed  when  the 
sample  is  placed  at  approximately  a  Rayleigh  range  from  the 
focal  plane.  The  Rayleigh  length  (—30  cm)  of  the  lens  was 
much  larger  than  the  thickness  of  the  cuvette.  Therefore  the 
thin  lens  formalism  can  be  applied  to  the  analysis.13  The 
e~2  radius  of  the  beam  at  the  front  surface  of  the  cuvette  was 
320  fi m.  An  aperture  was  placed  in  front  of  the  detector  to 
monitor  the  total  and  the  on-axis  transmission  of  the  beam. 
For  each  incident  pulse,  the  transmitted  energy  was  stored  in 
a  computer  as  a  function  of  the  input  energy.  Open  and  small 
aperture  scans  were  performed  on  a  number  of  different 
C60  concentrations  including  pure  toluene. 

Assuming  nonlinear  effects  within  the  pulse  duration  are 
due  to  delocalized  electrons  only,10  an  incident  light  with  a 
wave  vector  k  will  undergo  an  amplitude  /  and  phase  shift 
A <t>  given  by: 

dl  -  <iA0 

—  =-a/-£/2,  — —  =-kn,/.  (1) 

dz  dz 

where  a ,  fi,  and  n2  are  the  single  photon  absorption,  two 
photon  absorption,  and  nonlinear  refraction  coefficients,  re¬ 
spectively.  n2  and  fi  are  related  to  the  real  and  imaginary 
parts  of  the  third  order  susceptibility,  ^(3)  and  molecular  sec¬ 
ond  hyperpolarizability  y.14 

In  the  open  aperture  experiments,  where  all  of  the  post¬ 
sample  energy  is  collected,  propagation  effects  arising  from 
changes  in  the  phase  front  can  be  ignored.  Assuming  a  spa- 
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FIG.  1.  (a)  Typical  results  obtained  for  energy  transmission  through 
hillerene  solution.  The  solid  lines  are  the  corresponding  fit.  (b)  Concentra¬ 
tion  dependence  of  the  two  photon  absorption  coefficient. 


daily  and  temporally  Gaussian  incident  beam  and  including 
single  reflection  from  the  front  and  back  surfaces  of  cuvette, 
the  normalized  transmission  coefficient  T  for  a  sample  of 
thickness  L  is11,15 


r(/0)=E 


[-iS(l-W 

(n+l)3/2 


Jn 

yo  * 


(2) 


where  Leff=[  1  -  exp (-ccL)]/a  is  the  effective  sample  thick¬ 
ness,  R  the  reflection  coefficient,  and  £in  and  £out  the  inci¬ 
dent  and  transmitted  energy  of  the  beam,  respectively.  The 
value  of  fi  can  be  determined  by  a  numerical  fit  of  the  above 
equation  to  observed  transmission. 

Figure  1(a)  shows  a  typical  result  obtained  for  the  trans- 
mittivity  of  a  beam  through  a  fullerene  solution.  The  solid 
line  is  a  fit  to  the  data  using  Eq.  (2).  This  was  done  for  a 
number  of  different  fullerene  concentrations.  Figure  1(b) 
summarizes  the  concentration  dependence  of  two  photon  ab¬ 
sorption  coefficient  (TPA).  A  monotonic  increase  in  the  TPA 
coefficient  is  observed  with  an  increase  in  the  C60  concentra¬ 
tion.  The  TPA  coefficient  per  atomic  concentration, 
A(cm“3),  is  directly  related  to  the  imaginary  pan  of  the 
second  hyperpolarizability14  y"  and  is 

J3) 

y"=-~-  =  5. OX  i0~3,(esu).  (3) 

In  the  second  set  of  experiments,  the  radius  of  the  aper¬ 
ture  was  set  at  a  minimum.  Figure  2(a)  is  a  typical  result 
obtained  for  pure  toluene  and  C$o  in  toluene.  The  difference 
in  the  slope  of  transmission  versus  irradiance  suggests  that 
the  sign  of  the  nonlinearity  for  pure  toluene  is  opposite  to 
that  of  C60  solution.  Increase  in  the  small  apenure  transmis¬ 
sion  exhibited  by  pure  toluene  indicates  that  the  nonlinearity 
due  to  the  solvent  is  self-focusing.  In  other  words,  as  the 
intensity  is  increased  the  sample  behaves  more  like  a  focus¬ 
ing  lens,  recoilimating  the  diverging  incident  beam.  For  C$0 
solution,  on  the  other  hand,  the  decrease  in  the  transmission 
beyond  the  expected  decrease  due  to  TPA  suggests  a  self- 
defocusing  effect.  In  this  case,  an  increase  in  the  intensity 


1318  Appt.  Phys.  Lett.,  Vol.  68,  No.  10,  4  March  1996 


Taheri  et  al. 


0  1  2  3  4  5  6 

Irradiance  (GW/cm2) 


0  1  2  3  4  5  6 


N  (1018  cm’3) 

FIG.  2.  (a)  Typical  results  for  the  small  aperture  experiment  for  toluene 
(circle)  and  fullerene  solution  (square).  The  increase  in  the  transmittivity  of 
pure  toluene  suggests  a  focusing  mechanism  in  the  solvent,  (b)  Concentra¬ 
tion  dependence  of  the  nonlinear  refraction  coefficient  n->. 


results  in  an  increase  in  the  divergence  of  the  incident  beam 
and  a  subsequent  decrease  in  the  on-axis  irradiance  at  the 
aperture  plane.  For  a  thin  medium,  as  is  the  case  here,  this 
behavior  can  be  understood  in  terms  of  a  nonlinear  phase 
change  induced  by  the  material.  The  magnitude  of  this 
change  depends  on  the  nonlinear  refractive  coefficient  n 0} 
while  the  nature  of  lensing  (focusing  or  defocusing)  depends 
on  the  sign  of  n2.  As  in  the  case  of  Z  scan,  in  the  limit  of 
small  phase  changes,  the  Gaussian  decomposition11  method 
can  be  extended  to  obtain  an  analytical  expression  for 
changes  in  the  normalized  transmission.  Furthermore,  if  the 
closed  aperture  results  are  divided  by  those  from  open  aper¬ 
ture  experiments,  the  resulting  transmittivity  changes  are 
from,  primarily,  a  refractive  effect.  The  sign  and  magnitude 
of  n2  then,  directly  related  to  the  slope  of  the  normalized 
transmission  curve  using  the  Z-scan  analysis  by: 


g=l+dal{a2  +  zl), 

d0  —  Tr(jor}\.  ® 


In  the  above,  is  the  Rayleigh  range  (29  cm),  a  is  the 
sample  position  behind  the  focal  plane  of  the  lens  (30  cm),  d 
is  the  distance  between  the  sample  and  the  aperture  (144  cm) 
and  oj  is  the  beam  radius  at  the  sample. 

Figure  2(b)  is  the  result  of  the  concentration  dependence 
of  n2-  The  values  were  obtained  using  the  above  analysis, 


which  required  division  of  the  small  aperture  transmission 
the  open  aperture  results.  The  negative  slope  to  this  gra 
further  supports  the  conclusion  that  the  contribution  from  i 
Qo  atoms  is  self-detocusing.  The  real  part  of  the  seco 
hyperpolarizability  ot  C60  molecules  y*  is  directly  related 
the  slope  of  n2  versus  concentration  and  is 

^3) 

y'  =  —  =  ~4.0X  I0~31  (esu). 

This  is  in  agreement  with  the  values  obtained  by  Ref.  8  usi 
concentration  dependence  of  our  wave  mixing  signal. 

In  conclusion,  we  have  presented  a  simple  and  sensiti 
single  beam  technique  to  determine  the  sign  and  magnitu 
of  third  order  nonlinear  optical  coefficients  of  materials.  T 
technique  is  based  on  the  intensity  dependence  of  the  co 
plex  refractive  index.  In  addition  to  hardened  materials,  t 
technique  is  suited  for  materials  with  low  damage  threshc 
such  as  polymers,  absorbing  glasses,  and  biological  tissu 
The  similarity  of  this  technique  to  Z  scan  means  that  it  c 
be  easily  extended  to  more  sensitive  Z-scan  derivatives  su 
as  EZ  scan.  Intensity  scan  measurements  were  performed 
C60  solutions  in  toluene.  The  results  indicate  that  the  nonli 
ear  refraction  due  to  C60  has  a  defocusing  effect.  This 
opposite  to  the  focusing  effect  of  pure  toluene  and  as  su 
care  must  be  taken  in  experiments  utilizing  the  nonline 
refraction  of  fullerenes.  Values  of  -1CT31  (esu)  were  c 
tained  for  the  second  hyperpolarizability  of  C60 . 
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Abstract-  The  effects  of  temperature  and  pressure  on  the  optical  interband  transitions  and  the  transitions 
associated  with  impurity/defect  states  were  studied  using  a  variety  of  spectroscopic  methods,  including 
photolummescence  and  photoreflectance,  in  conjunction  with  the  diamond-anvil  pressure-cell  technique" 

Optically  pumped,  stimulated  emission  and  lasing  were  also  investigated  over  a  wide  temperature  range 
up  to  42U  K.  = 


1.  INTRODUCTION 

GaN-based  IH-V  nitrides  have  attracted  much 
attention  because  of  their  potential  applications  in 
electronic  and  optoelectronic  devices,  such  as 
high  power-high  efficiency  amplifiers,  UV,  blue, 
green,  and  yellow  LED's  and  yet  to  be 
demonstrated  short  wavelength  laser  diodes.  [1,2] 
Although  efforts  have  been  devoted  to  the 
preparation  of  high  quality  crystals  and  epitaxial 
films  and  the  general  features  of  the  properties  of 
these  materials  have  been  known  in  broad  terms, 
detailed  studies  on  the  optical  and  electrical 
properties  of  GaN  based  nitrides,  in  particular, 
some  important  parameters  associated  with  the 
electronic  structures  have  not  been  fully 
explored.  The  work  reported  here  will  focus  on 
subjects  that  are  important  for  understanding  the 
electronic  structures  and  optical  properties  of 
GaN.  The  subjects  discussed  in  this  report 
include  effects  of  temperature  and  pressure  on 
the  band  gap  of  GaN,  as  well  as  the  stimulated 
emission  and  lasing  phenomena  in  MOCVD 

grown  GaN  samples  under  high  excitation 
conditions. 

2.  EXPERIMENTAL 

The  GaN  samples  used  in  this  study  were  all 
nominally  undoped  single-crystal  films  grown  on 
(0001)  sapphire  substrates  by  MOCVD.  Various 


optical  measurements  were  carried  out  on  the  GaN 
samples.  Photoluminescence  (PL)  experiments 
were  conducted  using  a  cw  HeCd  laser  (325  nm) 
as  an  excitation  source  and  a  1-M 
monochromator  connected  to  a  photon-counting 
system  to  detect  and  spectrally  resolve  the 
emission.  The  pressure-dependent  PL 
measurements  were  conducted  using  a  diamond- 
anvil  cell  in  conjunction  with  the  above  system. 
For  reflectance  measurements,  the  quasi- 
monochromatic  light  dispersed  by  a  1/2-M 
monochromator  from  a  halogen  tunssten  lamp 
was  focused  on  the  sample,  and  the  reflection 
signals  were  detected  using  a  lock-in  amplifier 
system.  Optical  modulation  was  provided  in  the 
photoreflectance  (PR)  measurements  by  the 
HeCd  laser  beam.  Stimulated  emission  and  lasing 
experiments  were  carried  out  using  a  "side¬ 
pumping"  geometry  and  a  pulsed  laser  as  the 
excitation  source.  The  primary  pumping  source 
of  the  experimental  system  consisted  of  a 
frequency-tunable  dye  laser  pumped  by  the 
second  harmonic  laser  beam  (532  nm)  of  a 
pulsed  Nd:YAG  laser  (  — 10  ns  pulse  width  and 
10  Hz  repetition  rate).  The  output  of  the  dye 
laser  was  then  frequency-doubled  to  achieve  a 
near  UV  pumping  wavelength. 

3.  RESULTS  AND  DISCUSSIONS 
The  GaN  samples  studied  in  this  work 
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Fig.  1 .  PL  spectrum  at  10  K  and  the  shifts  of  observed 
emission  peaks  with  pressure. 

exhibit  strong  near-band-edge  exciton  emissions. 
Luminescence  lines  with  the  full  width  at  half 
maximum  (FWHM)  of  <1.5  meV  for  the 
intrinsic  free  excitons  and  of  <  1.0  me V  for  the 
excitons  bound  to  neutral  donors  were  observed 
in  PL  spectra  taken  at  10  K.  The  PL  spectra  also 
consist  of  a  broadband  emission  structure 
centered  in  the  yellow  spectral  region  and 
another  much  weaker  broadband  emission 
structure  peaked  in  the  blue  spectral  region. 
Low-temperature  PL  of  GaN  was  measured  as  a 
function  of  applied  pressure  using  the  diamond- 
anvil  pressure-cell  technique.  The  exciton 
emission  lines  were  found  to  shift  almost  linearly 
toward  higher  energy  with  increasing  pressure, 
as  shown  in  Fig.l.  By  examining  the  pressure 
dependence  of  the  exciton  emission  structures, 
using  the  quadratic  fit  equation:  [3] 

E(P)=E(0)  +  aP+\iP2,  (1) 

the  pressure  coefficient  of  the  direct  r  band  gap 
in  GaN  was  determined  to  be  3.9  meV/kbar.  The 
value  of  the  hydrostatic  deformation  potential  of 
the  band  gap  (  a=dE/dlnV)  was  also  deduced 
from  the  experimental  results  to  be  -9. 2  ±1.2  eV. 
The  broadband  emission  band  in  the  yellow 


Temperature  (K) 

Fig.  2.  Temperature  dependence  of  interband  transitions 
between  the  top-most  valence  band  edges  and  the  bottom 
of  the  conduction  band  edge.  The  inset  shows  a  typical  PR 
spectrum  taken  at  10  K. 

spectral  region  showed  a  similar  behavior  under 
applied  pressure  to  that  of  exciton  emissions  but 
with  a  relatively  strong  sublinear  pressure 
dependence  (4.0  meVfkbaf).  The  result  suggests 
that  the  yellow  emission  band  most  likely 
involves  transitions  associated  with  shallow 
donors  and  deep  acceptors. 

The  effects  of  temperature  on  the  interband 
transitions  in  GaN  were  studied  to  determine  the 
temperature  dependence  of  the  GaN  band  gap.  In 
order  to  maintain  a  good  spectral  resolution  and 
allow  a  more  precise  determination  of  the 
transition  energies,  particularly  at  high 
temperatures,  PR  measurements  were  employed. 
The  sharp  derivative-like  PR  spectral  features 
allow  us  to  accurately  determine  the  energy 
values  of  the  optical  transitions  between  the  top¬ 
most  valence  band  edges  and  the  bottom  of  the 
conduction  band  of  GaN.  The  observed  interband 
transitions  in  GaN.  were  mapped  out  as  a 
function  of  temperature  using  the  empirical 
Varshni  equation:  [4] 

E0(D=E0(0)-*r-/(p+T),  (2) 

and  the  Varshni  thermal  coefficients  were 
determined.  The  parameters  obtained  from  the 
best  fit  are  E0(0)  =  3.486  eV,  a=8.32xl0_‘  eV/K, 
and  p  =835.6  K  for  the  r9v-r7c  transition,  and 
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Fig.  3.  Emission  output  vs.  pumping  power  density  at  10 
K  and  room  temperature  (295  K) 

E0(0)=3A94  eV,  <x  =  10.9x10^  eVTK,  and 
(3  =  1194.7  K  for  the  T (upper  band)- r7c 
transition.  Attempts  to  fit  to  Eq.(2)  the  T?  {lower 
band)- r7c  transition  energies  measured  at 
different  temperatures  yield  E0(0)= 3.520  eV, 
a  =2.92xl0‘3  tfV/K,  and  (3=3698.9  K.  The 
room-temperature  band  gap  of  GaN  (295  K)  was 
found  to  be  3.420  eV. 

We  have  extended  our  efforts  to  the  study  of 
the  stimulated  emission  and  lasing  phenomena  in 
the  MOCVD  grown  GaN.  With  a  carefully 
designed  optical  pumping  scheme,  optically 
pumped  stimulated,  emission  and  laser  actions 
were  achieved  in  the  GaN  samples  with  bar-like 
shapes  under  both  picosecond  and  nanosecond 
laser  excitations.  The  laser  actions  could  be 
observed  over  a  broad  temperature  range  from 
10  K  up  to  400  K.  All  samples  exhibit,  more  or 
less,  longitudinal  lasing  modes  in  their  emission 
spectra.  Fig. 3  plots  the  emission  intensity  against 
the  pumping  power  density.  The  observations  of 
superlinear  increase  in  intensity  with  the 
excitation  power  density,  together  with  the 
spectral  narrowing  and  the  complete  suppression 
of  the  broad  emission  background,  are  typical 
characteristics  of  the  occurrence  of  stimulated 
emission.  The  onset  of  the  superlinear  increase  in 
emission  intensity  is  defined  as  the  lasing 
threshold.  The  threshold  was  found  to  be  weakly 
dependent  on  temperature.  Our  results  yield  a 
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Fig.  4.  Comparison  of  lasing  spectra  taken  at  295  K  under 
almost  the  same  excitation  conditions  from  three  samples 
subjected  to  progressive  treatments:  (a)  simply  cut  from 
wafer;  (b)  facet  surface  fine  polished;  (c)  external  mirror 
cavity  imposed. 

factor  of  less  than  two  increase  in  the  threshold, 
from  -  500  kW/cm2  at  10  K  to  -  800  kW/cm?  at 
room  temperature  (295K).  Usually,  the  threshold 
value  can  be  affected  by  parameters,  which  are 
dependent  on  the  pumping  source  and  sample. 
For  a  given  optical  pumping  source,  the  most 
important  influence  on  the  threshold  is  from  the 
sample  itself,  with  the  threshold  varying  from 
sample  to  sample.  This  can  be  classified  into  two 
groups:  one  is  associated  with  material 
properties,  such  as  impurities,  crystallinity,  and 
defects;  the  other  .is  related  to  the  sample 
preparation  such  as  laser  cavity  length  and  the 
quality  of  sample  edge  facets.  We  expect  that  the 
value  of  the  pumping  power  threshold  for  lasing 
in  GaN  can  be  lowered  substantially  by  better 
preparing  the  sample  edge  facet,  with  reflective 
coating,  for  example.  With  improved  crystalline 
quality  and  better  designed  laser  structures  for 
carrier  confinement,  such  as  double¬ 
heterostructures  or  quantum  well  structures,  the 


lasing  threshold  is  also  expected  to  be 
significantly  lowered.  We  observe  an  order  of 
magnitude  reduction  of  the  pumping  power 
threshold  (  —  90  kW/cnt)  at  room  temperature  in 
GaN/AlGaN  separate  confinement 
heterostructures  samples.  The  results  will  be 
discussed  in  elsewhere.  [5] 

The  specimens  used  in  the  stimulated  emission 
and  lasing  studies  were  bar-like  specimens  cut 
from  the  large  as-gown  sample  wafer.  Attempts 
to  fmesse  the  cut  facets  resulted  in  substantial 
improvement  in  terms  of  the  finesse  of  the 
Fabry-Perot  cavity  mode  fringes,  as  shown  in 
Fig.  4.  This  figure  shows  a  comparison  of  three 
lasing  spectra  taken  under  essentially  identical 
pumping  conditions  for  three  specimens,  each 
subjected  to  different  edge  facet  treatment.  It 
demonstrates  the  progressive  improvement  in  the 
quality  of  the  observed  mode  fringes.  The 
spectra  exhibit  line-width  narrowing  and 
enhanced  mode  fringe  finesse  for  samples  whose 
edge  facets  have  been  fine-polished.  When  these 
polished  facets  were  mirrored,  we  noticed  a 
substantial  increase  in  mode  quality  and  a  factor 
of  two  increase  in  emission  intensity. 

Optical  gain  measurements  were  also 
performed  by  varying  the  length  of  the  excitation 
beam  on  the  sample  for  fixed  excitation  powers. 


Change  of  Excitation  Length  (pm) 

Fig.  5.  The  change  of  emission  intensity  with  the 
excitation  beam  length  on  the  sample  surface  at  selected 
pumping  power  levels  at  room  temperature  (295  K).  The 
estimated  optica]  gain  values  are  given.  The  pumping 
threshold  I,„ = 800  kW/cnr 


Fig.  5  plots  the  emission  intensity  as  a  function 
of  excitation  length  for  selected  pumping  power 
levels.  The  measured  gain  values,  which  are 
consistent  with  the  recently  reported  theoretically 
calculated  results,  are  also  given  in  the 
figure[6,7], 

4.  CONCLUSIONS 

We  have  studied  the  optical  properties  of  GaN 
grown  on  sapphire  by  MOCVD.  The  effects  of 
temperature  and  pressure  on  the  various  optical 
transitions  associated  with  both  intrinsic  and 
extrinsic  processes  in  the  GaN  samples  were 
examined  by  PL  and  PR  measurements.  The 
variation  of  the  fundamental  band  gap  of  GaN  was 
mapped  out  as  a  function  of  temperature.  The 
room-temperature  interband  transition  energy 
values  obtained  from  these  measurements  are 
3.420  eV  for  the  r9v-r7c  transition  and  3.428  eV 
for.  the  T?  (upper  band)-V7c  transition.  The 
variation  of  GaN  band  gap  with  pressure  was 
determined  to  be  LE(P)=h  .9*  1 0'3P-1 .0><10 ^P2e  V. 
The  deformation  potential  for  the  direct  r  band 
was  also  deduced  from  the  experimental  results  to 
be  -9.2=1. 2  eV.  Optically  pumped  stimulated 
emission  and  lasing  phenomena  were  investigated 
using  high-power  pulsed  lasers.  Stimulated 
emission  and  laser  action  were  observed  over  a 
wide  temperature  range  from  10  K  to  -420  K. 
The  pumping  power  threshold  for  lasing  was 
estimated  as  -500  kW/cm2  at  10  K  to  -800 
kW/crrr  at  295K.  We  found  that  the  lasing  mode 
quality  can  be  substantially  improved  by 
finessing  the  cut  edge  facets  of  GaN  on  sapphire 
substrates. 
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We  present  the  results  of  optical  studies  on  the  properties  of  GaN  grown  by  low-pressure 
metalorganic  chemical- vapor  deposition,  . with  emphasis  on  the  issues  vital  to  device  applications 
such  as  stimulated  emission  and  laser  action  as  well  as  carrier  relaxation  dynamics.  By  optical 
pumping,  stimulated  emission  and  lasing  were  investigated  over  a  wide  temperature  range  up  to  420 
K.  Using  a  picosecond  streak  camera,  the  free  and  bound  exciton  emission  decay  times  were 
examined.  In  addition,  the  effects  of  temperature  and  pressure  on  the  optical  interband  transitions 
and  the  transitions  associated  with  impurity/defect  states  were  studied  using  a  variety  of 
spectroscopic  methods,  including  photoluminescence  and  photoreflectance.  The  fundamental  band 
gap  of  GaN  was  mapped  out  as  a  function  of  temperature  using  the  empirical  Varshni  relation.  The 
pressure  coefficient  of  the  gap  was  determined  using  diamond-anvil  pressure-cell  technique.  The 
hydrostatic  deformation  potential  for  the  direct  T  band  gap  was  also  derived  from  the  experimental 
results.  ©  1996  American  Institute  of  Physics*  [80021-8979(96)01907-6] 


L  INTRODUCTION 

GaN-based  wide-band-gap  DI-V  nitride  semiconductors 
currently  attract  extensive  attention  for  their  potential  elec¬ 
tronic  and  optoelectronic  device  applications  such  as  UV- 
blue  light-emitting  diodes  (LEDs)  and  laser  diodes.1™3  With 
rapid  progress  in  nitride  epitaxial  growth  technology,  high- 
quality  nitride  single-crystal  epifilms  can  now  be  grown  on 
such  substrates  as  sapphire  and  SiC.  Recent  demonstration  of 
superbright  high-efficient  blue  LEDs  based  on  nitride  hetero- 
structures  by  the  Nichia  group4  and  the  reports  on  observa¬ 
tion  of  optically  pumped  stimulated  emission  in  GaN  epi- 
films  by  a  few  groups5’6  have  led  to  much  more  intense 
interest  in  the  development  of  efficient  nitride  UV-visible 
light  emitters. 

Although  assessment  of  the  properties  and  potential  ap¬ 
plications  of  nitrides  is  actively  pursued  to  accelerate  the 
device  fabrication,  some  vital  issues  directly  related  to  opto¬ 
electronic  device  applications  such  as  optically  pumped 
stimulated  emission  and  lasing,  as  well  as  carrier  dynamics, 
have  not  been  widely  addressed,  and  detailed  studies  on 
some  important  parameters  associated  with  the  electronic 
structures  have  not  been  fully  explored.  In  this  article  we 
present  the  recent  results  of  our  spectroscopic  studies  on  the 
optical  properties  of  GaN  grown  by  low-pressure  metaior- 
ganic  chemical- vapor  deposition  (MOCVD).  A  variety  of  ex¬ 
perimental  techniques  was  employed.  The  effects  of  tem¬ 
perature  and  pressure  on  the  various  optical  transitions 
associated  with  both  intrinsic  and  extrinsic  processes  in  the 
GaN  samples  were  examined  by  photoluminescence  (PL) 
and  photoreflectance  (PR),  spectroscopy.  The  variation  of  the 
fundamental  band  gap  of  GaN  was  mapped  out  as  a  function 
of  temperature,  and  the  energy  value  for  the  band  gap  of 
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GaN  at  room  temperature  was  obtained.  The  pressure  coef¬ 
ficient  of  the  GaN  band  gap  was  determined  by  studying  the 
shift  of  exciton  emission  lines  in  GaN  with  applied  pressure 
using  the  diamond-anvil  pressure-cell  technique.  The  defor¬ 
mation  potential  for  the  direct  T  band  of  GaN  was  also  de¬ 
duced  from  the  experimental  results.  The  dynamics  of  pho- 
toexcited  excess  carriers  in  high-quality  GaN  samples  were 
investigated  by  transient  luminescence  spectroscopy  in  the 
picosecond  regime  using  a  streak  camera  in  the  region  of 
near-band-edge  excitonic  emissions.  We  found  that  the 
strong  capture  of  photoexcited  carriers  in  impurities  and/or 
defects  through  nonradiative  recombination  processes  domi¬ 
nates  the  decay  of  carrier  population.  The  capture  process 
depends  on  the  density  of  impurities  and  defects  in  the  GaN 
samples.  Optically  pumped  stimulated  emission  and  lasing 
phenomena  in  GaN  on  sapphire  were  investigated  using 
high-power  pulsed  lasers.  Stimulated  near-violet  emissions 
were  achieved  with  clearly  observable  longitudinal  cavity 
modes  over  a  wide  temperature  range  from  10  up  to  400  K. 

II.  EXPERIMENTAL  DETAILS 

The  GaN  samples  used  in  this  study  were  all  nominally 
undoped  epitaxial  films  grown  on  (0001)  sapphire  substrates 
by  low-pressure  MOCVD.  Thin  AIN  buffers  of  ~50  nm 
were  deposited  on  sapphire  substrates  at  775  °C  before  the 
growth  of  GaN.  GaN  layers  with  the  thickness  of  a  few  mi¬ 
crons  (pm)  were  deposited  at  1040  °C  directly  on  the  AIN 
buffers.  These  conditions  typically  result  in  high-quality 
single-crystal  GaN  layers.  Various  optical  measurements 
were  carried  out  on  the  GaN  samples  over  a  temperature 
range  typically  from  10  K  to  room  temperature  (295  K). 
Samples  were  mounted  onto  the  cold  finger  of  a  closed-cycle 
refrigerator  and  cooled  to  desired  temperatures  for  desig¬ 
nated  measurements.  Conventional  photoluminescence  spec- 
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FIG.  1.  Photolumincsccnce  spectrum  of  a  MOCVD  GaN  sample  taken  at  10 
K.  The  inset  shows  the  cxciton  luminescence  spectra  of  the  sample  taken  at 
different  temperatures. 


/ 


tra  were  measured  using  an  experimental  setup  consisting  of 
a  cw  HeCd  laser  (325  nm)  as  an  excitauon  source  and  a  1  m 
double-gradng  monochromator  connected  with  a  photon¬ 
counting  system.  Time-resolved  photoluminescence  (TRPL) 
measurement  was  performed  using  a  frequency-tunable 
pulsed  laser  with  2  ps  pulse  duration  (82  MHz)  as  an  exci¬ 
tation  source  and  a  streak  camera  with  2  ps  time  resolution  in 
conjunction  with  a  \  m  monochromator  as  a  detection  sys¬ 
tem.  Pressure-dependent  PL  measurement  was  conducted  by 
using  the  diamond-anvil  pressure-cell  technique.  For  reflec¬ 
tance  measurements,  quasimonochromatic  light  dispersed  by 
a  ?  m  monochromator  from  a  halogen-tungsten  lamp  was 
focused  on  the  sample  and  the  reflection  signals  were  de¬ 
tected  by  a  lock-in  amplification  system.  Optical  modulation 
was  provided  by  chopping  the  HeCd  laser  beam  when  the  PR 
measurements  were  performed.  Stimulated  emission  and  las¬ 
ing  experiment  were  carried  out  by  employing  side-pumping 
geometry.  A  frequency-doubled  pulsed  Nd:yttria  aluminum 
garnet  (YAG)  laser  (532  nm)  with  a  repetition  rate  of  10  Hz 
was  used  to  pump  a  dye  laser  as  a  primary  optical  pumping 
source  (10  ns).  The  output  of  the  dye  laser  was  then  fre¬ 
quency  doubled  into  UV  wavelengths  to  pump  the  GaN 
samples. 

III.  RESULTS  AND  DISCUSSIONS 

To  illustrate  the  quality  and  purity  of  the  GaN  epifilm 
samples  used  in  this  work,  PL  spectra  taken  from  the  samples 
are  shown  in  Fig.  1.  All  GaN  samples  exhibit  strong,  pre¬ 
dominant  near-band-edge  exciton  luminescence  lines  corre¬ 
sponding  to  the  radiative  decay  of  excitons  at  low  tempera¬ 
tures.  Figure  1  shows  a  whole  view  of  the  typical  PL 
spectrum  taken  at  10  K.  The  broadband  yellow  emission  and 
a  weak  emission  band  in  the  blue  spectral  region  could  be 
observed.  The  strongest  emission  line  marked  by  BX  in  Fig. 

1  has  a  full  width  at  half-maximum  (FWHM)  of  less  than  1.0 
meV  at  10  K.  The  second  one  labeled  FX  in  the  figure  shows 
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FIG.  2.  Photoreflectance  spectra  of  the  GaN  film  at  selected  temperatures, 

a  FWHM  of  less  than  1.5  meV,  indicating  the  high  quality  as 
well  as  substantial  purity  of  the  samples.  The  intensity  of  the 
BX  peak  was  found  to  decrease  with  increasing  temperature 
much  faster  than  that  of  FX.  It  became  hardly  resolvable 
when  the  temperature  was  raised  to  above  100  K  (not 
shown).  Such  variations  of  the  luminescence  intensity  as  a 
function  of  temperature  indicate  the  emission  line  can  be 
attributed  to  the  radiative  recombination  of  excitons  bound  to 
neutral  donors.  The  second  strongest  luminescence  line,  to¬ 
gether  with  the  weak  emission  feature  on  the  higher-energy 
side,  can  be  assigned  to  intrinsic  free-exciton  emissions. 

A.  Temperature  dependence  of  the  interband 
transitions 

The  effects  of  temperature  on  the  energy  shift  of  inter- 
band  transitions  in  the  GaN  samples  were  examined  by  both 
PL  and  PR  measurements.  Shown  in  Fig.  2  are  PR  spectra 
measured  at  different  temperatures.  The  20  K  PR  spectrum 
has  three  exciton  resonances.  The  excitons  referred  to  as  the 
intrinsic  A,  B,  and  C  exciton7,3  are  related  to  the  Fg-Ff, 
Flapper  band)-^ ,  and  T^(lower  band)-Ff  interband  tran¬ 
sitions  in  wurtzite  GaN,  respectively.  The  sharp  derivative¬ 
like  line  shapes  in  PR  spectra  allow  us  to  accurately  deter¬ 
mine  the  transition  energies,  particularly  at  high 
temperatures.  The  PR  spectra  were  fitted  to  different  line- 
shape  functions.  The  solid  lines  in  Fig.  2  are  the  best  fits  to 
the  experimental  data  by  the  Lorentzian  line-shape  functional 
form9-11 

&R/R  -  Re[Ce'^(£  —  E0  +  iT)“n],  (1) 

where  C  and  d  are  the  amplitude  and  phase  of  the  line  shape, 
respectively,  and  £0  and  T  are  the  energy  and  empirical 
broadening  parameter  of  the  transition,  respectively.  The  ex¬ 
ponent  n  is  a  characteristic  parameter  which  depends  on  the 
type  of  critical  point  in  the  Brillouin  zone  and  the  order  of 
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FIG.  3.  Temperature  dependence  of  three  interband  transition  energies. 
1*9 -Tf  transition:  solid  circles;  T^upper  bandJ-Ty  transition:  solid  tri¬ 
angles;  and  F;  (lower  band)-rf  transition,  solid  diamonds.  The  solid  curves 
are  least-squares  fits  to  the  experimental  data  using  the  Varsfani  empirical 
equation. 


derivative.  Both  values  of  n  =2  and  /i=5/2,  which  describe 
the  nature  of  the  interband  excitonic  transitions  and  three- 
dimensional  band-to-band  transitions,  respectively,  were 
used  to  fit  the  observed  PR  spectral  structures.  We  found  that 
using  n  =2  (corresponding  to  the  first  derivative  line  shape) 
results  in  a  better  fit  to  the  line  positions  and  widths  of  the 
PR  spectra  than  using  n  =5/2  (the  third  derivative  line 
shape).  This  was  found  to  be  appropiate  even  at  the  highest 
temperature  employed.  The  best  fits  to  the  PR  spectral  fea¬ 
tures  yield  an  energy  of  3.420  eV  for  the  lowest  interband 
(T^-Ty)  transition  and  an  energy  of  3.428  eV  for  the  sec¬ 
ond  interband  (Ty  (upper  band)-Ty]  transition  at  room  tem¬ 
perature  (300  K),  respectively. 

Figure  3  plots  the  energies  as  a  function  of  the  tempera¬ 
ture  of  all  three  observed  interband  excitonic  transitions  in 
the  low-pressure  MOCVD  GaN.  The  temperature  depen¬ 
dence  for  the  interband  transitions  was  deduced  by  using  the 
Varshni  empirical  equation,12 

E0(T)  =  E0(Q)-aT2{J3  +  T)f  (2) 

where  £0(0)  is  the  transition  energy  at  0  K,  and  a  and  /3  are 
constants  referred  to  as  Varshni  thermal  coefficients.  The 
solid  lines  in  the  figure  represent  the  least-squares  fit  to  the 
experimental  data  using  Eq.  (2).  The  parameters  obtained 
from  the  best  fit  are  £0(0)=3.486  eV,  <z=8.32XlCT4  eV/K, 
and  /?=  835.6  K  for  the  F^-Ty"  transition,  and  £0(0) =3.494 
eV,  a=10.9xi0~4  eV/K,  and  £=1194.7  K  for  the  Ty (upper 
band)-17y  transition.  Attempts  to  fit  to  Eq.  (2)  the  flower 
band)-Ff  transition  energies  measured  at  different  tempera¬ 
tures  yield  £0(0)  =  3.520  eV,  a=2.92Xl(T3  eV/K,  and 
£=3698.9  K.  The  values  of  a  and  £  for  the  Ty(lower 
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FIG.  4.  Dependence  of  the  energy  positions  on  pressure  for  the  various 
observed  PL  transitions  in  the  GaN  sample. 


band)— Ty  transition  are  somewhat  anomalously  larger  than 
those  for  the  Fg-Tf  and  r^(upper  band)— Ty  transitions. 
This  is  due  primarily  to  the  relatively  large  uncertainty  in 
determination  of  the  transition  energy  at  high  temperatures 
(T>  150  K)  caused  by  a  poor  signal-to-noise  ratio. 

B.  Pressure  coefficient  and  hydrostatic  deformation 
potential  for  direct  T  band  gap 

In  Fig.  4  we  plot  the  peak  energies  of  exciton  emission 
and  yellow  emission  structures  measured  by  PL  using  the 
diamond- anvil  cell  as  a  function  of  pressure.  The  solid  lines 
in  the  figure  are  the  least-squares  fits  to  the  experimental  data 
using  the  quadratic-fit  function, 

£(P)  =  £(0)  +  aP-F£P2.  (3) 

It  is  known  that  the  emission  lines  associated  with  the  radia¬ 
tive  decay  of  a  free  exciton  or  a  shallow  bound  exciton  shift 
with  the  host  semiconductor  band  gap  under  hydrostatic 
pressure  at  the  same  rate.  The  electron  stays  in  the 
conduction- band-edge  state  or  in  the  orbit  of  shallow  donor 
state  associated  with  the  conduction-band  edge.  The  exci¬ 
tonic  hole  bound  in  the  Coulomb  field  retains  the  symmetry 
of  the  valence-band  edges.  Therefore,  the  change  of  the  in¬ 
tense  and  sharp  BX  transition  with  pressure  plotted  in  the 
figure  provides  an  unmistakable  signature  of  the  direct  T 
band-gap  dependence  for  wurtzite  GaN.  The  best  fits  to  the 
data  yield  a  linear  slope  of  3.86XKT3  eV/kbar  with  an  ex¬ 
tremely  small  sublinear  term  of  -8X10"7  eV/kbaA  Similar 
results  can  be  obtained  from  fitting  the  FX  transition  as  well 
(a=3.9XlCT3  eV/kbar  and  £=-l.8Xl(T6  eV/kbar2). 

The  application  of  hydrostatic  pressure,  inducing  a  shift 
of  the  conduction- band  edge  relative  to  the  valence-band 
edge  due  to  a  change  in  the  volume,  allows  a  direct  estima¬ 
tion  of  the  hydrostatic  deformation  potential  for  the  direct  F 
band  gap  of  wurtzite  GaN.  The  deformation  potential  is  de- 
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FIG.  5.  Temporal  variation  of  spectrally  integrated  PL  for  both  intrinsic  free 
and  bound  exciton  emissions. 


fined  as  a -dEid  In  V.  The  relative  volume  change  caused  by 
applied  pressure  can  be  related  by  the  Mumaghan  equation 
of  state,13 

P  =  (B0/B'0)[(V0/V)*  o-l],  (4) 

where  Z?0  is  the  bulk  modulus  of  the  wurtzite  GaN,  Bf0  is  its 
pressure  derivative  ( =  dB!dP ),  V  is  the  volume,  and  V0  is 
the  volume  at  atmospheric  pressure.  Using  recently  reported 
values  of  50=237O±31O  kbar  and  5q  =  4.3^2,14  the  hydro¬ 
static  deformation  potentials  for  the  direct  T  band  gap  of 
wurtzite  GaN  could  be  deduced  as  a==“9.2±1.2  eV. 

The  broad  yellow  emission  band  maximum  was  found  to 
shift  with  pressure  at  a  rate  of  4.0X  10"3  eV/kbar,  almost  the 
same  as  that  of  exciton  emissions,  but,  it  shows  a  relatively 
strong  subiinear  dependence  compared  to  the  exciton  emis¬ 
sions.  The  broadband  yellow  emission  spectral  structure 
could  be  commonly  observed  in  the  PL  spectra  of  nominally 
undoped  GaN  single  crystals  regardless  of  the  crystal  growth 
technique.  More  strikingly,  this  band  was  observed  in 
samples  implanted  with  a  variety  of  atomic  species.15  These 
results  have  led  to  the  general  belief  that  the  broadband 
emission  in  the  yellow  spectral  region  involves  defects.  Re¬ 
cent  theoretical  studies  on  the  electronic  structures  of  impu¬ 
rities  and  native  defects  in  GaN  have  suggested  that  point 
defects,  such  as  antisites  and  vacancies,  play  important 
roles.16”19  The  pressure  dependence  of  the  yellow  emission 
band  is  consistent  with  the  transitions  involving  shallow  do¬ 
nors  and  deep  acceptors  because  its  pressure  dependence  fol¬ 
lows  the  GaN  band  gap.  Nevertheless,  further  theoretical  and 
experimental  studies  are  necessary  to  investigate  the  micro¬ 
scopic  nature  of  the  broadband  yellow  emission  in  GaN. 

C.  Radiative  decay  of  free  excitons  and  bound 
excitons 

Temporal  evolution  of  spectrally  integrated  exciton  lu¬ 
minescence  for  both  free  exciton  (FX)  and  bound  exciton 
(BX)  emissions  observed  in  a  GaN  sample  at  10  K  is  shown 
in  Fig.  5.  The  overall  time  resolution  of  the  experimental 


system  used  for  conducting  the  measurements  is  less  than  15 
ps.  The  time  evolution  for  both  FX  and  BX  luminescence  is 
dominated  by  exponential  decay.  A  much  weaker  long-decay 
component  with  an  intensity  more  than  two  decades  smaller 
compared  to  the  main  process  could  also  be  observed.  The 
lifetime  of  the  main  PL  decay  was  found  to  be  -35  ps  for  the 
FX  emissions  and  -55  ps  for  the  BX  emissions  for  the  GaN 
sample  at  10  K.  It  should  be  pointed  out  that  the  measure¬ 
ment  of  luminescence  decay  time  does  not  provide  a  direct 
measurement  of  radiative  lifetime.  The  measured  PL  decay 
time  only  yields  an  effective  lifetime  reff  for  free  excitons 
and  bound  excitons.  It  involves  both  the  radiative  rR  and 
nonradiative  rNR  lifetimes  with  the  decay  rate  expressed  as 

I/rcff=l/r^+l/rNR.  (5) 

The  radiative  lifetime  for  an  excited  state  in  a  semiconductor 
can  be  estimated  by  considerations  of  optical  transition  prob¬ 
ability.  The  radiative  lifetime  rR  of  the  excited  state  can  be 
described  by20,21 

T£  =  27T£0m0c3/ne2ar/,  (6) 

where  /  is  the  oscillator  strength  of  the  optical  transition,  n  is 
the  refractive  index,  and  the  other  symbols  have  their  usual 
meanings.  By  using  n=2.4  and  a>=5.3X1015  s~!  for  GaN, 
one  can  roughly  obtain  r*  —  (800//  )  ps.  The  radiative  life¬ 
time  of  bound  excitons  in  GaN  is  expected  to  be  just  a  little 
shorter  than  1  ns  and  on  the  order  of  several  hundreds  of 
picoseconds  if  we  take  the  upper  limit  with  its  oscillator 
strength  as  unity  (/—  1).  The  oscillator  strength  of  free  exci¬ 
tons  calculated  within  the  effective-mass  approximation  is 
given  by  f-E^vUcoi  V!a\),  where  Ep  is  the  Kane  matrix 
element  connecting  Bloch  states  in  the  valence  and  conduc¬ 
tion  bands,  V  is  the  volume  of  unit  cell,  and  ax  is  the  effec¬ 
tive  Bohr  radius  of  free  exciton.  Our  result  yields  /— 0.012 
for  the  free  excitons  in  GaN  using  £^  —  18  eV  and  ax— 20  A. 
Thus,"  the  calculated  value  of  the  radiative  lifetime  for  free 
excitons  in  GaN  will  be  in  the  domain  of  several  tens  of 
nanoseconds. 

The  discrepancy  between  the  measured  values  of  PL  de¬ 
cay  time  and  the  theoretical  estimated  radiative  lifetime  can 
be  attributed  to  nonradiative  relaxation  processes  in  compe¬ 
tition  with  the  radiative  channel.  In  the  case  where  nonradi¬ 
ative  decay  rate  is  larger,  the  measured  decay  time  is  char¬ 
acteristic  for  the  nonradiative  processes  in  accordance  with 
Eq.  (5).  This  situation  is  typical  for  recombination  from  in¬ 
trinsic  states  of  semiconductors.  The  nonradiative  processes 
such  as  multiphonon  emission,  capture  by  deep  centers,  Au¬ 
ger  effect,  etc.,  give  rise  to  fast  relaxation  of  the  excited 
carriers  down  to  lower  states  from  which  they  decay  radia- 
tively  or  relax  nonradiatively.  As  a  result,  the  measured  PL 
decay  time  for  a  given  excited  state  is  an  effective  lifetime 
and  usually  much  shorter  than  a  radiative  one.  This  has  been 
observed  in  a  number  of  semiconductor  bulk  materials  and 
heterostructures  with  the  measured  free  exciton  PL  decay 
time  decreasing  progressively  as  the  density  of  nonradiative 
recombination  centers  increased.  The  slow  rise  of  bound  ex¬ 
citon  luminescence  intensity  compared  to  that  of  the  free 
exciton  PL  shown  in  Fig.  5  is  an  indicator  of  such  nonradi- 
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FIG.  6.  Comparison  of  the  time  decay  of  free  exciton  emission  between  two 
GaN  samples  with  the  relative  intensity  ratio  of  100:1  for  the  yellow  emis¬ 
sion  under  the  same  excitation  conditions. 

ative  relaxation  processes  for  free  excitons  arriving  at  the 
bound  exciton  energy.  We  found  that  the  capture  of  excitons 
and  trapping  of  carriers  by  such  nonradiative  centers  as  de¬ 
fects  and  impurities  play  a  major  role  in  the  recombination 
processes  responsible  for  the  exciton  population  decay  in  the 
GaN  samples  studied  in  this  work.  The  measured  PL  decay 
time  was  found  to  be  directly  related  to  the  intensity  of 
broadband  emissions  lying  in  the  GaN  band  gap.  The  broad 
emission  structure  referred  to  as  yellow  emission  in  the  lit¬ 
erature  is  believed  to  be  associated  with  the  optical  transi¬ 
tions  between  the  energy  levels  involving  impurity  and/or 
defect  states.  The  intensity  of  yellow  emission  is  propor¬ 
tional  to  the  density  of  defects  and  impurities  present  in 
samples.  We  found  that  the  stronger  the  yellow  emission,  the 
shorter  the  PL  decay  time  in  a  GaN  sample.  Shown  in  Fig.  6 
is  a  comparison  of  free  exciton  PL  decay  between  two 
samples  with  the  relative  intensity  ratio  of  100:1  for  the  yel¬ 
low  emission  under  identical  excitation  conditions.  The  de¬ 
duced  lifetime  of  free  exciton  emission  in  the  sample  with 
stronger  yellow  emission  is  only  15  ps  (which  is  the  limit  of 
our  instrumental  resolution).  Therefore,  the  fast  decay  behav¬ 
ior  of  the  PL  intensity  indicates  that  the  capture  of  excitons 
and  trapping  of  carriers  at  defects  and  impurities  through 
nonradiative  combinations  dominate  the  decay  of  exciton 
population.  The  process  of  capture  is  dependent  on  the  den¬ 
sity  of  defects  and  impurities  in  the  GaN  samples. 

D.  Optically  pumped  stimulated  emission  and  lasing 

Strong  stimulated  emission  and  lasing  at  near-UV  wave¬ 
lengths  could  be  observed  from  the  GaN  samples  over  a 
broad  temperature  range  from  10  to  over  400  K  under  the 
conditions  of  high-pumping  power  densities.  In  Fig.  7  we 
plot  the  emission  spectra  taken  at  375  K  for  pumping  power 
densities  below  and  above  the  estimated  threshold.  Under 
low-excitation  conditions,  the  spectrum  is  characterized  by  a 
very  broad  spontaneous  emission  band  with  the  maximum 
positioning  at  376  nm.  With  increasing  pumping  power  den¬ 
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FIG.  7.  Emission  spectra  of  GaN  at  375  K  under  different  pumping  power 
densities.  The  inset  shows  the  longitudinal  mode  fringes. 


sities,  a  second  emission  feature  with  a  narrower  line  shape 
appears  on  the  lower-energy  side  of  the  spontaneous  emis¬ 
sion  band  and  becomes  predominant  as  the  pumping  power 
densities  are  further  increased.  The  emission  feature  is  found 
to  exhibit  superiinear  increase  in  intensity  and  a  red  shift  of 
peak  position  as  pumping  power  increases.  In  addition,  the 
longitudinal  cavity  modes  of  lasing  in  some  samples  with 
small  cavity  lengths  could  clearly  observed  with  a  charge- 
coupied-device  (CCD)  camera.  An  example  is  given  in  the 
inset  of  Fig.  7,  where  the  resonant  cavity  length  of  the 
sample  is  about  200  jjm  thick.  The  resonant  cavity  of  the 
samples  was  prepared  just  by  cutting  the  large  wafer  into 
barlike  specimens  with  a  diamond  saw  since  it  is  almost 
impossible  to  cleave  GaN  grown  on  (0001)  sapphire  sub¬ 
strates.  The  resultant  sample  edges  are  far  from  mirrorlike 
facets. 

The  threshold  pumping  power  was  estimated  to  be  —500 
kW/cm2  at  10  K  and  -800  kW/cm2  at  room  temperature. 
Generally,  the  lasing  threshold  varies  from  sample  to  sample. 
For  a  given  optical  pumping  source,  the  most  important  in¬ 
fluence  on  the  threshold  is  from  the  sample  itself.  This  can  be 
classified  into  two  groups:  One  is  associated  with  material 
properties,  such  as  impurities,  crystallinity,  and  defects;  the 
other  is  related  to  the  sample  preparation,  such  as  laser  cavity 
length  and  the  quality  of  sample  edge  facets.  We  expect  that 
the  value  of  the  pumping  power  threshold  for  lasing  in  GaN 
can  be  lowered  substantially  by  better  preparing  the  sample 
facet  edges,  for  example,  with  reflective  coating.  With  better 
designed  laser  structures,  such  as  double  heterostructures,  the 
lasing  threshold  is  also  expected  to  be  significantly  lowered. 
Recently,  Zubrilov  et  al.  reported  the  observation  of  multi¬ 
pass  stimulated  emission  with  Fabry-Perot  modes  from  GaN 
grown  on  6H-SiC  substrates.6  In  this  case,  the  interference 
fringes  originated  from  the  microcavities.  These  cavities 
were  formed  by  microcracks,  which  were  generated  during 
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the  cleaving  process.  As  better  lattice-matched  substrates  be¬ 
come  available  for  epitaxial  growth  of  GaN  with  better  crys¬ 
tallinity,  the  lasing  threshold  is  expected  to  be  lowered  fur¬ 
ther. 

We  also  note  that  the  threshold  is  not  very  sensitive  to 
the  change  of  sample  temperature.  It  is  known  that  high- 
temperature  sensitivity  of  the  lasing  threshold  usually  limits 
the  performance  of  a  laser  under  high- temperature 
operation.22  The  weak  temperature  dependence  of  the  lasing 
threshold  suggests  that  laser  operation  can  be  substantially 
extended  to  the  high-temperature  range.  Thus,  the  results  re¬ 
ported  here  imply  that  GaN-based  laser  diodes  have  the  po¬ 
tential  of  operating  with  a  much  higher  temperature  tolerance 
compared  to  the  conventional  semiconductor  laser  diodes. 

IV.  CONCLUSIONS 

We  have  employed  a  variety  of  experimental  techniques 
to  study  the  optical  properties  of  GaN-grown  sapphire  by 
MOCVD.  Optically  pumped  stimulated  emission  and  lasing 
phenomena  in  GaN  on  sapphire  were  investigated  using 
high-power  pulsed  lasers.  Stimulated  near-violet  emissions 
were  achieved  with  clearly  observable  longitudinal  cavity 
modes  over  a  wide  temperature  range  from  10  up  to  400  KL 
The  dynamics  of  photoexcited  excess  carriers  in  high-quality 
GaN  samples  were  investigated  by  transient  luminescence 
spectroscopy  in  the  picosecond  regime  using  a  streak  camera 
in  the  region  of  near-band-edge  excitonic  emissions.  We 
found  that  the  strong  capture  of  photoexcited  carriers  in  im¬ 
purities  and/or  defects  through  nonradiative  recombination 
processes  dominates  the  decay  of  carrier  population.  The 
capture  process  depends  on  the  density  of  impurities  and 
defects  in  the  GaN  samples.  The  effects  of  temperature  and 
pressure  on  the  various  optical  transitions  associated  with 
both  intrinsic  and  extrinsic  processes  in  the  GaN  samples 
were  examined  by  photoluminescence  and  photoreflectance 
spectroscopy.  The  variation  of  the  fundamental  band  gap  of 
GaN  was  mapped  out  as  a  function  of  temperature.  The 
room-temperature  interband  transition  energy  values  ob¬ 
tained  from  these  measurements  are  3.420  eV  for  the  -Tf 
transition  and  3.428  eV  for  the  Tj{ upper  band)-^  transi¬ 
tion.  By  fitting  the  temperature-dependent  energy  values  of 
the  r^-Ty  and  (upper  band)~r^  transitions  to  the 
Varshni  empirical  relation,  our  results  yield 

£0(^O“ 3.486-8. 32X  10_4r2/(835.6+r)  eV 
and 


£0( T)  =  3.494-1 0.9 X  KT4T2/(  1 194.7+  T)  eV, 

respectively.  The  pressure  coefficient  of  the  GaN  band  gap 
was  determined  by  studying  the  shift  of  exciton  emission 
lines  in  GaN  with  applied  pressure  using  the  diamond-anvil 
pressure-cell  technique.  Our  results  yield  the  variation  of 
GaN  band  gap  with  pressure  to  be 

A£(P)  =  3.9x  10“3P-I.0X  KT6?2  eV. 

The  deformation  potential  for  the  direct  T  band  was  also 
deduced  from  the  experimental  results  to  be  -9.2±1.2  eV. 
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Abstract.  We  present  the  recent  results  of  our  spectroscopic  studies  on  optical  properties  of  GaN 
grown  by  metalorganic  chemical  vapor  deposition,  including  the  issues  vital  to  device  applications  such 
as  stimulated  emission  and  laser  action,  as  well  as  carrier  relaxation  dynamics.  By  optical  pumping, 
stimulated  emission  and  lasing  were  investigated  over  a  wide  temperature  range  up  to  420  K.  Using 
a  picosecond  streak  camera,  free  and  bound  exciton  emission  decay  times  were  measured.  In  addition, 
the  effects  of  pressure  on  the  optical  interband  transitions  and  the  transitions  associated  with 
impurity/defect  states  were  studied  using  diamond-anvil  pressure-cell  technique. 


1.  Introduction 

GaN  based  wide  band-gap  HI-V  nitride  semiconductors  currently  attract  extensive  attention  for 
their  potential  electronic  and  optoelectronic  device  applications  such  as  UV-blue  LED's  and 
laser  diodes.[7-J]  Recent  demonstration  of  superbright  high-efficient  blue  LED's  based  on 
nitride  heterostructures  by  the  Nichia  group  and  others  [4]  and  the  reports  on  observation  of 
optically  pumped  stimulated  emission  in  GaN  epifilms  by  a  few  groups  [5,6]  have  led  to  much 
more  intense  interest  in  the  development  of  efficient  nitride  UV-visible  light  emitters.  In  this 
report,  we  present  recent  results  of  our  spectroscopic  studies  on  the  optical  properties  of  GaN 
grown  by  metalorganic  chemical  vapor  deposition  (MOCVD). 


2.  Experimental  details 

The  GaN  samples  used  in  this  study  were  all  nominally  undoped  single-crystal  films  grown  on 
(0001)  sapphire  substrates  by  MOCVD.  Various  optical  measurements  were  carried  out  on  the 
GaN  samples  over  a  temperature  range  typically  from  10  K  to  room  temperature  (295  K). 
Conventional  photoluminescence  (PL)  spectra  were  measured  with  a  cw  HeCd  laser  (325  nm) 
as  an  excitation  source  and  a  1-M  double-grating  monochromator  connected  to  a  photon¬ 
counting  system.  Time-resolved  photo  luminescence  (TRPL)  measurements  were  performed 
using  a  frequency  tunable  pulsed  laser  (2  ps  pulse  duration,  82MHz)  as  an  excitation  source  and 
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a  streak  camera  (2  ps  resolution),  in 
conjunction  with  a  1/4-M  monochromator 
as  a  detection  system.  Pressure-dependent 
PL  measurements  were  conducted  using  the 
diamond-anvil  pressure-cell  technique. 
Stimulated  emission  and  lasing  experiments 
were  carried  out  employing  side-pumping 
geometry  using  a  nanosecond  pulsed  laser 
(10  Hz)  as  the  optical  pumping  source. 


3.  Results  and  discussions 

To  illustrate  the  quality  and  purity  of  the 
GaN  epifilm  samples  used  in  this  work,  PL 
spectra  taken  from  the  samples  are  shown 
in  Fig.  1.  All  GaN  samples  exhibit  strong, 
predominant  near  band-edge  exciton 
luminescence  lines  corresponding  to  the 
radiative  decay  of  excitons  at  low 
temperatures.  The  inset  shows  a  broad 
range  of  the  typical  PL  spectrum  taken  at 
10  K.  The  broadband  yellow  emission  and 
a  weak  emission  band  in  the  blue  spectral 


Fig.  1.  Exciton  luminescence  spectra  of  a  MOCVD 
GaN  sample  taken  at  different  temperatures.  The  inset 
shows  the  10  K  PL  spectrum  of  the  sample  over  a 
broad  spectral  range. 


a  wcajs.  cimaaujii  uauu  ixa  ms.  -  ~  n  .  ,.u 

region  could  be  observed.  The  strongest  emission  line  marked  by  BX  in  Fig.  1  has  a  full  width 
at  half  maximum  (FWHM)  of  less  than  1.0  meV  at  10  K.  The  second  one  labeled  FXm  the 
figure  shows  a  FWHM  of  less  than  1.5  meV,  indicating  the  high  quality,  as  well  as  substantial 
purity  of  the  samples.  The  intensity  of  the  BX  peak  was  found  to  decrease  much  faster  than  that 
of  the  FX  as  the  temperature  increased.  It  became  hardly  resolvable  when  the  temperature  was 
raised  to  above  100  K  (not  shown).  Such  variations  of  the  luminescence  intensity  as  a  function 
of  temperature  indicate  that  the  emission  line  can  be  attributed  to  the  radiative  recombination 
of  excitons  bound  to  neutral  donors.  The  second  strongest  luminescence  line,  together  with  the 
weak  emission  feature  on  the  higher  energy  side,  can  be  assigned  to  intrinsic  free-exciton 
emissions. 


3.1  Optically  pumped  stimulated  emission  and  lasing 

Strong  stimulated  emission  and  lasing  at  near-UV  wavelengths  could  be  observed  from  the  GaN 
samples  over  a  broad  temperature  range  from  10  K  to  ~  420  K  by  optical  pumping  with  a 
tunable  nanosecond  laser.  In  Fig.2  we  plot  the  emission  spectra  taken  at  375  K  for  pumping 
power  densities  below  and  above  the  estimated  threshold.  Under  low-excitation  conditions,  the 
spectrum  is  characterized  by  a  very  broad  spontaneous  emission  band  with  the  maximum 
position  at  376  nm.  With  increasing  pumping  power  densities,  a  new  feature  with  a  narrower 
linewidth  appears  on  the  low  energy  side  of  the  spontaneous  emission  band  and  becomes 
predominant  as  the  pumping  power  densities  are  further  increased.  The  emission  feature  is 
found  to  exhibit  superlinear  increase  in  intensity  and  a  red  shift  in  the  peak  position  as  the 
pumping  power  increases.  In  addition,  the  longitudinal  cavity  modes  of  lasing  in  some  samples 
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with  small  cavity  lengths  could  be  clearly 

observed  with  a  CCD  camera.  An  example  is  ’  1  '  1  ’  7  '  ' — * — i — * — i — » — 

given  in  the  inset  ofFig.2,  where  the  resonant  —■  295K  ’  I  375  K 

cavity  length  of  the  sample  is  about  200  pm  »  A 

thick.  The  resonant  cavity  of  the  samples  was  3  I 

prepared  just  by  cutting  the  large  wafer  into  €  . 

bar-like  specimens  with  a  diamond  saw.  The  -2. 

resulting  sample  edges  are  far  from  minor-like  &  — V _ 

facets-  g  JtsT  ™  XI  /j  1  22 

The  threshold  pumping  power  was  -2  -—^11  's — - 

estimated  to  be  -500  kW/cm2  at  10  K  and  —  I] 

~800  kW/cm2  at  room  temperature.  Generally,  o  1 1 

the  lasing  threshold  varies  from  sample  to  $  13  'm(x,Q>  J 

sample.  For  a  given  optical  pumping  source,  £  .. 

die  most  important  influence  on  the  threshold  LJJ  oa|  (x23Q)  f\. 

is  from  the  sample  itself.  This  can  be  classified  81  * - / 

into  two  groups:  one  is  associated  with  mo  '  a^o  '  seo  '  370  '  am'  4  0 

material  properties,  such  as  impurities,  Wavelenath  /nmi 

crystallinity,  and  defects;  the  other  is  related  to  Wavelength  (nm) 

the  sample  preparation  such  as  the  laser  cavity  2.  Emission  spectra  of  GaN  at  375  k  under 

length  and  the  quality  of  sample  edge  facets.  differem  pumping  power  densities.  The  inset  shows 
We  expect  that  the  lasing  threshold  in  GaN  can  !l!Le™ssl°n,  spec^um  taken  at  r00m  temperature 
be  lowered  substantially  by  better  preparing  "g  Iongitudmal  mode  fringes. 

the  sample  edge  facets,  for  example,  with 

T*  bette"deSigned  laser  stmctures’  such  ^  double-heterostructures,  the 
tte^bs^in  f  eXpCCted  t0, be  significantly  lowered.  Recendy,  Zubrilov  et  al.  reported 

m  r  S6mutaed  emission  ^  Fabry-Perot  modes  from  GaN  grown  on 
6H-S1C  substrates.^  In  this  case,  the  interference  fringes  originated  from  the  microcavities 

As  JtTr  WCre  f<fTd  by  nucrocracks>  which  were  generated  during  the  cleaving  process 

CTsSritt  She Wn B1 beC°me  aVdlable  f°r  epit3Xial  of  GaN  ^  better 

crsytallmity,  the  lasing  threshold  is  expected  to  be  lowered  further 

We  also  noted  that  the  threshold  is  not  very  sensitive  to  the  change  of  sample 

emperature.  It  is  known  that  high-temperature  sensitivity  of  the  lasing  threshold  usually  lintits 

tf  ttetaST  “'if'  “  °Perattons.[7]  The  weak  temperature  dependence 

asing  threshold  suggests  that  laser  operations  can  be  substantially  extended  to  the  high 

range'  •Thus  resuits  reported  here  ™piy  ^ GaN  ^  diodes  haVe  l 

Sc“dl°S"Jlta  m“Ch 


Fig.  2.  Emission  spectra  of  GaN  at  375  K  under 
differem  pumping  power  densities.  The  inset  shows 
the  emission  spectrum  taken  at  room  temperature 
(295  K)  exhibiting  longitudinal  mode  fringes. 


3.2  Radiative  decay  of  free  excitons  and  bound  excitons 

^5mp°ral  evolut*on  °f  spectrally  integrated  exciton  luminescence  for  both  free-exciton  (FX) 
and  bound-exciton  (FX)  emissions  observed  in  a  GaN  sample  at  10  K  is  shown  in  Fig  3  The 

Z1  rr°riUtl°n  I*6  eXperimental  ^  conducting  the  measurements  is  £ 

tiian  15  ps.  The  time  evolution  for  both  FX  and  BX  luminescence  is  dominated  by  exponential 

ns  for  ^  T“  uL  decay  w“  found  t0  be  ~35  ps  for  FX  emissions  and  -55 

p  for  the  BX  emissions  for  the  GaN  sample  at  10  K.  It  should  be  pointed  out  that  the 
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measurement  of  luminescence  decay  time  does 
not  provide  a  direct  measurement  of  radiative 
SetLe  and  that  the  measured  PL  decay tune 
yields  only  an  effective  lifetime  M  for  free 
excitons  and  bound  excitons.  It  involves  both 
the  radiative  (x*)  and  nonradiative  (x,*) 
lifetimes  with  the  decay  rate  expressed  as 

l/t^l/tR+i/tm-  ^ 

The  radiative  lifetime  for  an  excited  state  in  a 
semiconductor  can  be  estimated  by 
considerations  of  optical  transition  probability. 
The  radiative  lifetime  xR  of  the  excited  state  can 
be  described  by.[&9] 

■:K=2Tte0m0c3/ne2a1f,  (2) 


-100  0  100  200  300  400  500  600 

Time  (ps) 

Fm  3  Temporal  variation  of  spectrally  integrated  PL 
for '  bodi  'intrinsic  free-exciton  and  bound-exc.ton 
emissions. 


.  1  tor  DOin  lnuuun-  - - 

where  /is  the  oscillator  strength  of  the  optical  emissions. 

transition,  n  is  the  refractive  index,  and  the 

other  symbols  have  their  usual  meanings.  y  ^  obtain  Tr~{800//)  ps.  The  radiative 
using  «=2.4,  and  o>  5.3x10  sec :  or  ’  to  be  iust  slightly  shorter  than  one  nanosecond 
lifetime  of  bound  excitons  in  GaN  is  “P®ctedt°  .J  ^  JLi).  The  oscillator  strength  of 
if  we  take  the  upper  limit  with  its  on  is  givenby 

free  excitons  calculated  within  the  effec  valence  and  conduction 

where  ft,  is  the  Kane  matrix  “  °f  ^  “  °"?*i 

bands.  Vis  the  volume  of  unit  cell,  and  u^s  S  ^  ^  A.  Thus,  the  calculated 

yields /-0. 0/2  for  die  free  excitons  mGaN^mg^^  ^  ^  ^  geveral  tens  0f  nanoseconds 

value  of  the  radiative  lifetime  for  ,  les  0f  pl  decay  time  and  the  theoretical 

domain.  The  discrepancy  betW^^orSSve  relaxation  processes  in  competition 
estimated  radiative  lifetime  can  be  attnbuted  o  decay  ^  is  larger,  the  measured 

with  the  radiative  channel.  In  Ae  case  ^h  processes  in  accordance  with  Eq.(l).  This 

decay  time  is  characteristic  for  the  P  of  semiconductors.  The  nonradiative 

situation  is  typical  for  recombination  from  c£nters>  Auger  effect,  etc.,  give  rise 

processes  such  as  multiphonon  emissioncaptur  ^  ^  which  decay  radiatively 

to  fast  relaxation  of  the  excited  cam  pL  dgcay  time  for  a  given  excited  state  is  an 

or  relax  nonradiatively.  As  a  result,  e  &  radiative  one.  This  has  been  observed  in  a 

effective  lifetime  and  usually  much  s  heter0StnIctures  with  the  measured  free-exciton 

number  of  semiconductor  bulk  ma  en  density  of  nonradiative  recombination  centers 

PL  decay  time  decreasing  Pr0^es^  ^  luminescence  intensity  compared  to  that  of  the 
increased.^]  The  slow  nse  of  bound-< =«  of  such  nonradiative  relaxation  processes  for 

free-exciton  PL  shown  m  Fig.  excitons  We  found  that  the  capture  of  excitons  an 

the  free  excitons  relaxing  to  the  boun  ■  defects  and  impurities  play  a  major  role  in 

toppingofcatotsbystmhnonmdtanve 

to  recombination  processes  responsible  to,  to  ^  p  ^  ^  „Uted  t0  to 

studied  in  Ibis  work.  The  measured  PL  y  ^  w  gjp  ^  broad  emission  structure 

Sid  m  ^owSnT"  to  Ltoure  is  believed  to  be  associated  with  to  opttca 
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transitions  between  the  energy  levels  involving 
impurity  and/or  defect  states.  The  intensity  of 
yellow  emission  is  likely  to  be  proportional  to 
the  density  of  defects  and  impurities  present  in 
samples.  We  found  that  the  stronger  the  yellow 
emission,  the  shorter  the  PL  decay  time  in  a 
GaN  sample.  Fig.  4  shows  a  comparison  of 
free-exciton  PL  decays  taken  from  two  samples 
under  identical  excitation  conditions.  The 
yellow  emission  intensities  of  the  two  samples 
are  drastically  different,  with  approximately  a 
100:1  ratio.  Tlie  lifetime  of  free-exciton 
emission  in  the  sample  with  stronger  yellow 
emission  was  deduced  to  only  15  ps  (which  is 
the  limit  of  our  instrumental  resolution). 

Therefore,  the  fast  decay  behavior  of  the  PL 
intensity  in  this  sample  indicates  that  the 
capture  of  excitons  and  trapping  of  carriers  at 
defects  and  impurities  through  nonradiative 
combinations  appear  to  dominate  the  decay  of 
exciton  population.  The  process  of  capture  is 
dependent  on  the  density  of  defects  and  impurities  in  the  GaN  samples. 

i.  J  Pressure  coefficient  and  hydrostatic  deformation  potential  for  direct  V  band  gap 
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Fig.  4.  Comparison  of  the  decay  times  of  free-exciton 
emission  between  two  GaN  samples  with  the  relative 
intensity  ratio  of  100:1  for  the  yellow  emission. 
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defects,  such  as  antisites  and  vacancies, 
play  important  roles.  [1 1-14]  The  pressure 
dependence  of  the  yellow  emission  band, 
in  broad  terms,  is  consistent  with  the 
transitions  involving  shallow  donors  and 
deep  acceptors.  Further  theoretical  and 
experimental  studies  are  necessary  to 
investigate  the  microscopic  nature  of  the 
broadband  yellow  emission  in  GaN. 

4.  Conclusions 

Optically  pumped  stimulated  emission 
and  lasing  phenomena  in  GaN  on 
sapphire  were  investigated  using  high- 
power  pulsed  lasers.  Stimulated  near¬ 
violet  emissions  were  observed  over  a 
wide  temperature  range  from  10  K  to 
- 420  K.  The  dynamics  of  photoexcited 
excess  carriers  in  high  quality  GaN 
samples  were  investigated.  This  was  done 
using  transient  luminescence  spectroscopy  in  the  picosecond  regime  using  a  streak  camera  in 
the  region  of  near  band-edge  excitonic  emissions.  We  found  that  the  strong  capture  of  photo- 
excited  carriers  in  impurities  and/or  defects  through  nonradiative  recombination  processes 
dominates  the  decay  of  carrier  population.  The  capture  process  depends  on  the  density  of 
impurities  and  defects  in  the  GaN  samples.  The  effects  of  pressure  on  the  various  optical 
transitions  associated  with  both  intrinsic  and  extrinsic  processes  in  the  GaN  samples  were 
examined  by  photo  luminescence  spectroscopy.  The  pressure  coefficient  of  the  GaN  band  gap 
was  determined  by  studying  the  shift  of  exciton  emission  lines  in  GaN  with  applied  pressure. 
Our  results  yielded  the  variation  of  the  GaN  band  gap  with  pressure  to  be  &E(P)= 3.9*  10’3P- 
1.0*10'6P2  eV.  The  deformation  potential  for  the  direct  T  band  was  also  deduced  from  the 
experimental  results  to  be  -9.2±1.2  eV. 
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the  GaN  sample. 
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We  present  the  results  of  experimental  studies  of  the  strain  effects  on  the  excitonic  transitions  in  GaN 
epitaxial  layers  on  sapphire  and  SiC  substrates,  with  the  emphasis  on  the  determination  of  deformation  poten¬ 
tials  for  wurtzite  GaN.  Photoluminescence  and  reflectance  spectroscopies  were  performed  to  measure  the 
energy  positions  of  exciton  transitions  and  x-ray -diffraction  measurements  were  conducted  to  examine  the 
lattice  parameters  of  GaN  epitaxial  layers  grown  on  different  substrates.  Residual  strain  induced  by  the  mis¬ 
match  of  lattice  constants  and  thermal  expansion  between  GaN  epitaxial  layers  and  substrates  was  found  to 
have  a  strong  influence  in  determining  the  energies  of  excitonic  transitions.  The  overall  effects  of  the  strain 
generated  in  GaN  is  compressive  for  GaN  grown  on  sapphire  and  tensile  for  GaN  on  SiC  substrate.  The 
uniaxial  and  hydrostatic  deformation  potentials  of  wurtzite  GaN  were  derived  from  the  experimental  results. 
Our  results  yield  the  uniaxial  deformation  potentials  b^-5.3  eV  and  b2^2.1  eV,  as  well  as  the  hydrostatic 
components  a^-6.5  eV  and  a2sas* — 11.8  eV.  [80163-1829(96)06843-9] 


GaN-based  IH-V  nitride  semiconductors  currently  attract 
extensive  attention  for  their  potential  device  applications.1-3 
It  is  known  that  GaN  has  a  wurtzite  structure  in  natural  form, 
and  has  a  wide  direct  band  gap  of  —3.42  eV  at  300  K,  which 
provides  efficient  radiative  recombination.  The  wavelength 
of  radiation  from  GaN-based  materials  can  be  tuned  over  a 
wide  range  from  visible  to  ultraviolet  by  alloying  or  forming 
heterostructures,  such  as  quantum  wells,  with  other  nitrides 
(AIN  and  InN).  These  merits  make  IH-V  nitrides  very  attrac¬ 
tive  to  short-wavelength  optical  applications  such  as  light 
emitters  and  detectors  operating  in  the  blue  and  ultraviolet 
wavelength  range;  The  outstanding  thermal  and  chemical 
stability  of  the  wide-band-gap  nitrides  also  allows  GaN- 
based  electronic  and  optoelectronic  devices  to  operate  at 
high  temperatures  and  in  hostile  environments. 

Great  efforts  have  recently  been  devoted  to  the  prepara¬ 
tion  of  high-quality  GaN  crystals  and  epitaxial  films,  the 
characterization  of  GaN  crystals  and  films,  and  the  develop¬ 
ment  of  devices  using  GaN-based  materials.  In  the  course  of 
these  studies,  a  number  of  investigations  on  the  optical  prop¬ 
erties  of  GaN  have  revealed  that  there  is  a  relatively  large 
difference  in  the  reported  values  of  observed  energy  posi¬ 
tions  of  excitonic  transitions  in  GaN.4-11  It  is  found  that  the 
energy  positions  vary  from  sample  to  sample  depending  on 
the  epitaxial  layer  thickness,  growth  techniques  and  substrate 
materials.  Such  discrepancy  has  been  attributed  to  the  effects 
of  residual  strain  in  the  epilayers  due  to  the  mismatch  of 
lattice  parameters  and  coefficients  of  thermal  expansion  be¬ 
tween  GaN  and  the  substrate  materials.8,11,12  In  this  report, 
we  present  the  results  of  experimental  studies  of  the  strain 
effects  on  the  excitonic  transitions  in  GaN  epitaxial  layers  on 
sapphire  and  SiC  substrates.  Photoluminescence  and  reflec¬ 
tance  spectroscopies  were  performed  to  examine  the  effects 
of  strain  on  the  exciton  transitions  in  the  GaN  epitaxial  ma¬ 
terials  on  sapphire  and  SiC  substrates.  X-ray-diffraction  mea- 
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surements  were  conducted  to  measure  the  lattice  parameters 
of  GaN  epitaxial  layers  grown  on  different  substrates.  The 
residual  strain  built  in  GaN  epitaxial  films  induced  by  the 
mismatch  of  lattice  constants  and  thermal  expansion  between 
GaN  epitaxial  layers  and  substrates  was  found  to  play  an 
important  role  in  determining  the  energies  of  excitonic  tran¬ 
sitions.  The  overall  effects  of  the  strain  generated  in  GaN  is 
compressive  for  GaN  grown  on  sapphire  and  tensile  for  GaN 
on  SiC  substrate.  The  uniaxial  and  hydrostatic  deformation 
potentials  were  derived  from  the  experimental  results. 

The  GaN  samples  used  in  this  work  were  nominally  un¬ 
doped  single-crystal  films  grown  by  metalorganic  chemical 
vapor  deposition  on  (0001)  6H-SiC  or  basal-plane  sapphire 
substrates.  AIN  buffer  layers  were  deposited  on  the  sub¬ 
strates  at  about  775  °C  before  the  growth  of  the  GaN 
epilayers.13  Photoluminescence  (PL)  measurements  were 
conducted  with  either  a  cw  HeCd  laser  (325  nm)  or  a 
frequency-doubled  Ar+  laser  (244  nm)  as  the  excitation 
source  and  a  1-M  double-grating  monochromator  connected 
to  a  photon-counting  system.  For  reflectance  measurements, 
the  quasimonochromatic  light  dispersed  by  a  f-M  monochro¬ 
mator  from  a  xenon  lamp  was  focused  on  samples,  and  the 
reflectance  signals  were  detected  using  a  lock-in  amplifica¬ 
tion  system.  To  determine  the  lattice  parameters  of  GaN  ep¬ 
itaxial  films,  four-crystal  x-ray  rocking  curves  were  mea¬ 
sured.  Absolute  lattice  parameter  measurements  were 
performed  in  the  triple-axis  mode  of  a  Philips  high- 
resolution  diffractometer  with  four-bounce  Ge  (220)  incident 
beam  optics  and  three-bounce  Ge  (220)  diffracted  beam  op¬ 
tics.  The  resolution  limit  of  this  configuration  is  —10  arc  sec. 
The  high  resolution  of  the  triple-bounce  analyzer  crystal  and 
the  steps  taken  to  eliminate  inaccuracies  due  to  the  26  zero 
error  as  well  as  sample  centering  account  for  the  limit.  The 
data  were  collected  using  26-co  scans,  with  corrections  made 
for  refraction.  The  accuracy  of  lattice  parameters  measured 
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FIG.  1.  Near-band-edge  exciton  luminescence  spectra  taken 
from  a  3.7-/zm  GaN  epilayer  on  SiC  and  a  4.2-/zm  GaN  epilayer  on 
sapphire  at  10  K. 

using  this  system  is  predicted  to  be  better  than  0.0002  A.  The 
high  resolution  of  the  triple-bounce  analyzer  crystal  and  the 
steps  taken  to  eliminate  inaccuracies  due  to  the  28  zero  error 
as  well  as  sample  centering  account  for  this.  The  lattice  pa¬ 
rameter  c  was  measured  using  the  (002)  reflection  and  a  was 
measured  using  both  the  (002)  and  (015)  reflections. 

The  GaN-based  samples  studied  in  this  work  all  exhibit 
strong  near-band-edge  exciton  luminescence.  Results  of  PL 
measurements  from  a  3.7-/mi  GaN  epilayer  on  SiC  and  a 
4.2-yum  sample  with  sapphire  substrate  are  shown  in  Fig.  1. 
The  intensity  of  the  strongest  emission  line  marked  by  BX  in 
Fig.  1  was  found  to  decrease  much  faster  than  that  labeled 
FX  as  the  temperature  increased.  It  became  hardly  resolvable 
at  temperatures  higher  than  100  K.  Such  variations  of  the 
luminescence  intensity  as  a  function  of  temperature  indicate 
that  the  emission  line  can  be  attributed  to  the  radiative  re¬ 
combination  of  excitons  bound  to  neutral  donors.7  The  sec¬ 
ond  strongest  luminescence  structure,  together  with  the  weak 
emission  feature  on  the  higher-energy  side,  are  a  radiative 
recombination  of  the  intrinsic  free  exciton.  As  clearly  illus¬ 
trated  by  the  figure,  the  values  of  PL  transition  energies  ob¬ 
tained  here  from  GaN  on  an  SiC  substrate  are  lower  than 
those  from  GaN  on  sapphire.  The  energy  positions  of  the  BX 
peak  and  FX  peak  are  3.4634  and  3.4693  eV,  respectively, 
for  the  GaN/SiC  sample,  and  3.4790  and  3.4845  eV,  respec¬ 
tively,  for  the  GaN/sapphire  sample.  Figure  2  shows  the 
comparison  of  the  reflectance  spectra  taken  from  the  same 
two  samples  at  10  K.  Three  exciton  resonances  associated 
with  the  transitions  referred  to  as  the  A,  B,  and  C  exciton 
transitions4''7  between  the  bottom  of  the  conduction  band 
(T 7 )  and  three  topmost  valence-band  edges  (T^+T  j+T  j) 
are  indicated  by  vertical  arrows.  The  energy  positions  of 
these  transitions  are  3.470,  3.474,  and  3.491  eV,  respec¬ 
tively,  for  the  GaN/SiC  sample  while  the  corresponding  val¬ 
ues,  3.485,  3.493,  and  3.518  eV,  were  obtained  for  GaN  on 
sapphire.  Such  systematically  observed  differences  in  exci¬ 
ton  transition  energies  have  been  attributed  to  the  effects  of 
residual  strain  in  the  epilayers  due  to  the  mismatch  of  lattice 
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£a  =  ^ 0 )  +  al  *:z  +  a2(  *«  +  eyy)  +  bl  +  b2(  v)  > 

'  (1) 

EB  =  EB(0)+alezz+a2(exx+eyy) 

+A+[b,«a+b2(e„+e„)].  (2) 

EC=EC(  0)  +  ax€zz+a2(exx+eyy) 

+  ^-[biezz+b2(exz+^y)].  (3) 

where  £t(0)  represents  strain-free  exciton  transition  energy, 
a  and  b  are  deformation  potentials,  and  the  eti  are  compo¬ 
nents  of  the  strain  tensor  for  the  GaN  film.  Since  the  energy 
variation  given  in  Eqs.  (1)— (3)  by  and  a2  is  analogous  to 
the  hydrostatic  shift  of  a  cubic  semiconductor,  a!  and  a2  are 
combined  hydrostatic  deformation  potentials  for  transitions 
between  the  conduction  and  the  valence  bands,  while  bx  and 
b2  are  uniaxial  deformation  potentials  characterizing  the  fur¬ 
ther  splitting  of  the  three  topmost  valence-band  edges  for 
tension  or  compression  along  and  perpendicular  to  (0001), 
respectively.  Since  the  growth  direction  of  our  epilayers  is 
the  z  axis,  the  strain  components  are  described  by 

^xx=eyy=^=(as-a0)/a0,  ezz=eL  =  (cs-c0)/c0,  (4) 

where  aQ  and  c0  are  lattice  parameters  for  strain-free  bulk 
GaN,  and  as  and  cs  are  those  for  the  strained  GaN  epilayer. 
Under  biaxial-stress  conditions,  the  components  of  exx ,  eyy , 
and  ezz  are  related  through  the  elastic  stiffness  coefficients  as 
=  -2C13/C33ej| .  The  coefficients  A±  represent  the  mixing 
of  valence-band  orbital  states  by  the  spin-orbit  interaction 
and  are  given  by16,17 

A±  =  i{l±[l  +  8(A3/(A1-A2))2]-1/2},  (5) 

where  A x  is  the  crystal-field  splitting  of  the  T9  and  T7  orbital 
states,  A2  and  A3  are  parameters  which  describe  the  spin- 
orbit  coupling.  In  principle,  one  has  to  know  the  values  of 
these  three  band-structure  parameters,  in  addition  to  the  de¬ 
formation  potentials  to  predict  strain  shifts  from  Eqs.  (l)-(3) 
above.  This  approach  is  complicated  by  the  lack  of  consis¬ 
tent  numerical  values  for  the  parameters,  Af  .4’8‘10’ 18-20  For¬ 
tunately,  Eqs.  (2)  and  (3)  only  require  a  knowledge  of  the 
ratio,  y^A3/(A1— A^,  rather  than  the  individual  numerical 
values  for  these  parameters.  By  plotting  the  observed  exci- 
tonic  transition  energies  against  the  residual  strain  in  Fig.  3, 
we  were  able  to  obtain  a  value  of  —0.531  for  y  from  the 
slopes  of  the  solid  lines  in  the  figure. 

The  observed  shifts  in  excitonic  transition  energies  rela¬ 
tive  to  the  values  of  strain- free  GaN  (Refs.  5,  6,  and  8)  result 
from  an  overall  effect  of  strain  on  the  band  gap  which  in¬ 
cludes  contributions  from  both  hydrostatic  and  uniaxial  com¬ 
ponents  of  the  stress.  To  determine  the  respective  values  for 
the  uniaxial  and  hydrostatic  potentials  of  wurtzite  GaN,  one 
has  to  separate  their  contributions  to  the  energy  variations  in 
observed  exciton  transition  energies  under  strain  compared 
to  the  strain-free  case.  By  taking  the  differences  between  the 
experimentally  obtained  values  of  each  individual  excitonic 
transition  according  to  Eqs.  (l)-(3),  the  uniaxial  component 
of  strain-induced  energy  shift  of  the  conduction-band  edge 
relative  to  the  valence-band  edges  can  be  readily  separated 
from  the  total  energy  shift.  With  linear  fits  to  the  whole  set  of 
data  listed  in  Table  I  using  the  least-square  fitting,  our  results 
yield  the  relationship  of  the  uniaxial  deformation  potentials 
b  j  and  b2  \ 

(6) 


FIG.  3.  The  measured  excitonic  transition  energies  from  GaN 
samples  used  in  this  work  as  a  function  of  relative  in-plane  (biaxial) 
strain  (lower  portion)  as  well  as  the  relative  strain  along  the  c  axis 
(upper  portion).  The  exciton  transition  energies  of  strain-free  GaN 
were  included  in  the  figure  for  reference.  The  solid  lines  are  the  best 
linear  fits  to  the  experimental  data. 

A  similar  approach  allows  us  to  relate  the  combined  hydro¬ 
static  deformation  potentials  and  a2  to  each  other  as 

ai  —  CI733  / C7 13a2  —  37.9  eV,  (7) 

by  subtracting  the  contribution  of  uniaxial  component  of 
strain  from  the  total-energy  shift  induced  by  strain.  Based  on 
the  facts  that  the  strain-caused  total-energy  shift  relative  to 
the  excitonic  transition  energy  is  very  small  and  the  elastic 
properties  of  GaN  are  of  quasicubic  nature  (Cn^C33), 21,22 
we  found  that  it  is  appropriate  to  estimate  the  numerical  val- 


TABLE  I.  Values  of  measured  excitonic  transition  energies  and 
built-in  residual  strain  for  GaN  on  SiC  and  sapphire,  together  with 
those  for  strain-free  bulk  GaN. 


GaN/sapphire 

GaN/bulk 

GaN/SiC 

Thickness  (/xm) 

4.2 

7.2 

>100a 

3.7 

A  exciton  (eV) 

3.485 

3.491 

3.4735a 

3.470 

B  exciton  (eV) 

3.493 

3.499 

3.4800a 

3.474 

C  exciton  (eV) 

3.518 

3.528 

3.4993“ 

3.491 

4  (10“4) 

-13.2 

-17.9 

0 

3.1 

«x  (t0“4) 

5.5 

8.9 

0 

-1.9 

References  5,  6,  and  8. 
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ues,  within  the  range  of  linear  dependence  on  strain,  for  the 
uniaxial  and  hydrostatic  deformation  potentials  using  qua- 
sicubic  approximation23  with  bi**— 2b».  and  ai-~a2^2b2. 
The  uniaxial  deformation  potentials  arc  readily  estimated  to 
be  5.3  eV  and  b2~2.7  eV,  using  the  values  C  13=  106 
and  C33=398  GPa.22  The  uncertainty  of  the  above  estimates 
is  — 15%,  originating  primarily  from  experimental  error  in 
the  precise  determination  of  lattice  parameters.  Our  numeri¬ 
cal  values  are  comparable  to  the  results  reported  for  the  ma¬ 
terials  with  similar  crystal  structures  such  as  CdS  and 
ZnO, 17,24  as  well  as  recently  reported  values  tor  GaN. 
Additionally,  the  numerical  estimates  for  al  and  a2  are 
readily  determined,  once  the  values  for  b|  and  b2  are  known. 
Our  results  yield  a^-6.5  eV  and  a2~-  I 1*8  eV. 

It  should  be  pointed  out  that  the  results  of  deformation 
potentials  calculated  using  Eqs.  (6)  and  (7)  are  dependent  on 
the  numerical  values  of  the  elastic  stiffness  constants  Cl3  and 
C33,  especially  for  the  hydrostatic  parameters.  For  instance, 
the  respective  values  of  at  and  a9  could  be  as  large  as  >20 
eV  if  values,  Ci3=  158  and  C33=  267  GPa,:i  are  used.  For¬ 
tunately,  we  were  able  to  make  a  comparison  of  the  esti¬ 
mated  deformation  potentials,  obtained  using  variously  re¬ 
ported  values  for  Cl3  and  C33,  with  our  previous  work,  in 
which  a  value  for  the  “effective  hydrostatic  deformation  po¬ 
tential”  a  of  -9.2  eV  for  the  T  band  gap  of  GaN  was 
determined.25  The  value  of  a  was  determined  by  direct  ap¬ 
plication  of  hydrostatic  pressure.  The  reason  for  the  term, 
effective  hydrostatic  deformation  potential  is  that,  strictly 
speaking,  it  is  the  stress,  but  (for  the  wurtzite  structure)  not 
the  strain,  that  is  isotropic,  so  that  the  terms  involving  bx  and 
b2  will  contribute  slightly  in  Eqs.  (l)-(3).  Thus,  we  regard 
the  results  of  b^— 5.3  eV  and  b2^2.7  eV  as  well  as 
a^— 6.5  eV  and  a2«s  — 11.8  eV  as  consistent  and  more  ac¬ 
curate  estimates,  given  the  assumptions  described  above.  Fi¬ 


nally,  we  note  that  these  in  principle  should  represent  an 
upper  limit  for  the  deformation  potentials  since  they  were 
evaluated  by  using  the  value  of  the  lattice  parameters  mea¬ 
sured  at  room  temperature  to  fit  optical  data  obtained  at  10 
K.  The  built-in  residual  strain  is  generally  expected  to  in¬ 
crease  with  decreasing  temperature  due  to  the  difference  of 
thermal  expansion  coefficients  between  GaN  epilayers  and 
substrate  materials. 

In  conclusion,  we  have  studied  the  effects  of  residual 
strain  in  GaN  epitaxial  films  using  spectroscopic  methods 
combined  with  x-ray-diffraction  measurements,  with  the  em¬ 
phasis  on  determination  of  deformation  potentials.  Strong, 
sharp  spectral  structures  associated  with  exciton  transitions 
in  GaN  epitaxial  layers  grown  on  sapphire  and  6H-SiC  sub¬ 
strates  by  metal-organic  chemical-vapor  deposition 
(MOCVD)  were  observed  in  photoluminescence  and  reflec¬ 
tance  spectra.  The  observation  of  exciton  transitions  with 
lower  energies  in  GaN  grown  on  SiC,  and  with  higher  ener¬ 
gies  for  the  same  transitions  for  GaN  grown  on  sapphire,  in 
comparison  to  those  obtained  from  strain-free  bulk  GaN, 
suggests  that  residual  strain  in  GaN  epilayers  resulting  from 
lattice-parameter  and  thermal-expansion  mismatch  plays  an 
important  role  in  determining  the  precise  exciton  transition 
energies.  X-ray-diffraction  measurements  were  performed  to 
determine  the  variations  in  the  lattice  parameters  of  GaN 
epilayers  on  SiC  and  sapphire,  respectively.  Our  results 
clearly  indicate  that  GaN  epilayers  grown  on  SiC  exhibit 
basal  tensile  strain,  while  those  on  sapphire  substrates  are 
under  biaxial  compression.  Based  on  these  results,  the  values 
of  the  four  principal  deformation  potentials  of  wurtzite  GaN 
have  been  determined. 
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We  discuss  a  few  examples  of  cases  in  which  the  widely  used  mean-field  approaches  to  alloys  and  alloy 
superlattices  may  not  give  complete  solutions.  These  examples  include  the  anomalously  large  Stokes  and 
anti-Stokes  real  space-charge  transfer  over  thick  alloy  barriers  and  the  spatial  extent  of  optical  phonons  in 
alloys  and  alloy  superlattices,  which  have  remained  unsolved  or  controversial.  We  argue,  both  theoretically 
and  experimentally,  that  approaches  that  fully  account  for  inhomogeneities,  partial  ordering,  and  disorder 
effects  in  the  alloys  as  well  as  the  proper  understanding  of  coupled  quantum-mechanical  systems  do  give 
answers  to  these  important  puzzles.  ©  1996  Optical  Society  of  America 


1.  INTRODUCTION 

Since  their  conception1  and  subsequent  realization,  semi¬ 
conductor  superlattices  have  remained  one  of  the  most 
active  areas  of  condensed-matter  physics.  Some  of  the 
most  widely  used  superlattices  have  alloys  as  barriers, 
or  wells,  as  in  GaAs/AlxGai.*As,  GaAs/GaAsi.xPx,  and 
In-Gai_xAs/GaAs,  to  name  a  few.  The  overwhelming  ma¬ 
jority  of  experimental  results  on  these  alloys  and  alloy 
superlattices  have  been  analyzed  by  the  mean-field  ap¬ 
proach,  which  has  been  quite  successful  in  dealing  with 
many  important  quantities  such  as  band  gaps,  dispersion 
relations,  and  density  of  states.  However,  there  have 
remained  a  few  well-known  problems  for  which  such  -an 
approach  might  not  yield  complete  results.  We  present 
experimental  and  theoretical  investigations  of  (1)  anoma¬ 
lously  large  real  space-charge  transfer  over  thick  alloy 
barriers  in  GaAs/Al^Ga^As,  (2)  anomalously  large  anti- 
Stokes  charge  transfer  at  low  temperature  and  low  ex¬ 
citation  density  in  GaAs./Al^Ga^As,  (3)  the  coherence 
length  of  GaAs  LO  phonons  and  dynamic  transfer  of 
GaAs  optical  phonons  through  the  Al*Gai«As  barrier  in 
GaAs/Al*Gai.sAs,  and  (4)  localization  properties  of  opti¬ 
cal  phonons  in  AlxGalHCAs  alloy.  These  problems  haY<T" 


remained  unsolved  or  controversial,  and  from  systematic 
and  extensive  experimental  and  theoretical  investigations 
we  contend  that  inhomogeneities  and  fluctuations  of  the 
atomic  arrangement  in  the  alloy  are  crucial  for  an  under¬ 
standing  of  these  puzzles. 

2.  ANOMALOUSLY  LARGE  REAL 
SPACE-CHARGE  TRANSFER  OVER 
THICK  ALLOY  BARRIERS:  Al-Ga^As 
AS  A  LEAKY  BARRIER 

Recently  an  anomalously  large  interwell  exciton  trans¬ 
fer  over  thick  barriers  in  GaAs/ALGa^As  asymmetric 
double  quantum  wells  (AJDQW’s)  received  attention.2 
The  existence  of  this  unexplained  transfer  has  been 
observed  by  many  researchers  for  quite  some  time,  in 
samples  grown  by  many  different  groups  of  researchers. 
The  experimentally  deduced  transfer  coefficient  was  of 
the  order  of  1CT3,  orders  of  magnitudes  larger  than  the 
theoretical  predictions  based  on  the  one-dimensional  tun¬ 
nelling  model  for  the  given  barrier  width  id)  and  the 
average  potential  height.  The  experiments  were  per¬ 
formed  at  2  K,  so  thermal  excitations  above  the  barrier 
were  ruled  out.  Reabsorption  of  the  narrow-weil  (NW) 
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Fig.  1.  PLE  spectra  obtained  at  14  K  for  the  GaAs/AlGaAs/ 
GaAs  (7.5  nm/30  nm/10  nm)  ADQW,  with  x  —  0.3  and  x  —  0.5. 
At  the  right  schematics  of  the  sample  structure  are  shown,  with 
the  unadorned  dotted  arrow  indicating  strong  transfer  and  the 
crossed-out  dotted  arrow  indicating  much  smaller  transfer. 


In  Fig.  1,  PLE  spectra  at  14  K  obtained  with  a  cw 
Tirsapphire  laser  are  shown  for  two  ADQW  samples.  The 
photoluminescence  (PL)  window  was  at  the  low-energy 
side  of  the  WW  heavy-hole  (HH)  exdton  peak.  The  sam¬ 
ple  parameters  are  GaAs/AlojGao.7As/GaAs  (7.5  nm/30 
nm/10  nm)  for  the  top  and  GaAs/Al^Ga^As/GaAs  (7.5 
nm/30  nm/10  nm)  for  the  bottom.  For  x  **  0.3  the  NW 
exdton  peaks  are  pronounced,  indicating  a  strong  trans¬ 
fer  from  the  NW  to  the  WW.  The  height  of  the  NW  HH 
peak  is  larger  than  the  background  as  a  result  of  contin¬ 
uum  exdtation  and  is  comparable  with  the  WW  light-hole 
(LH)  exdton  peak.  The  experiments  were  performed  at 
low  exdtation  density  (~108  cm"2),  and  the  PLE  spec¬ 
tra  are  mostly  independent  of  laser  intensity.  Therefore 
intensity-dependent  nonlinear  effects  can  be  immediately 
ruled  out.  For  x  —  0.5  in  Fig.  1  (bottom  trace),  there  is 
virtually  no  sign  of  the  NW  peaks,  whose  positions  are 
indicated  by  arrows.  This  absence  of  NW  peaks  in  the 
PLE  of  WW  exdtons  is  of  course  what  one  would  expect 
from  the  mean-field  approach. 


adqw,  d~30  nm 


0.6 


>* 

O 

C 

U  OA 

o 

03 

U 

03 

W  0.2 

C 

cd 

u 


0.0 

0.0  0.2  0 A  0.6  0.3  1.0 

alloy  composition  x 

Fig.  2.  Transfer  effidency  at  14  K  defined  as  the  ratio  of  the 
areas  under  the  NW  HH  to  the  WW  HH  peaks  in  the  PLE  spectra, 
plotted  against  x  for  the  GaAs/AlxGax^As/GaAs  ADQW  (7.5 
nm/30  nm/10  nm).  The  efficiency  was  averaged  over  several 
different  spots. 


luminescence  by  the  wide-well  (WW)  dipole-dipole  inter¬ 
action  of  exdtons  and  polariton  effects  were  proposed  as 
possible  explanations  for  this  transfer.2”6 

In  this  section  an  extensive  study  of  this  mysteri¬ 
ous  transfer  in  GaAs/ALGa^^As  ADQW’s  grown  by 
molecular-beam  epitaxy  is  presented.  Photolumines¬ 
cence  exdtation  (PLE)  was  performed  in  a  series  of  sam¬ 
ples  with  variable  x  and  barrier  thickness  d.  The  most 
interesting  observations  that  we  made  are  as  follows: 
(1)  the  strong  x  dependence  of  the  transfer  (Figs.  1  and 
2),  (2)  the  drastic  reduction  in  the  transfer  when  the  bar¬ 
rier  is  GaAs  or  a  digital  alloy  (Fig.  3),  and  (3)  the  very 
weak  d  dependence  of  the  transfer  shown  in  Fig.  4.  Our 
results  demonstrate  the  importance  of  the  nonuniformity 
of  the  alloy  potential  harrier  in  charge  transfer,  as  we 
discuss  in  detail  below. 


digital  alloy 

ADQW,  d  =  30nm  AlQ3Ga07As 


Fig.  3.  PLE  spectra  at  14  K  for  the  GaAs/(GaAs/AlAs; 
5MI/2ML  digital  alloy )/GaAs  ADQW  (7.5  nm/30  nm/10  am) 
(top  trace)  and  for  Ino.iGao_9  As/ GaAs/Ino.13 Gao. 87  As  (10  nm/30 
nm/lG  nm)  ADQW  (bottom  trace).  SWHH  denotes  the  heavy 
hole  of  the  shallower  well  (Ino.1Gao.9As). 


d  nm 

Fig.  4.  Transfer  efficiency  at  14  K  for  the  GaAs/AIo.axGao.7As/ 
GaAs  ADQW  (7.5  nm/10,  30,  7J)r.or_I50  run/10  nm)  plotted 
against  d.  - - 
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When  the  laser  photon  energy  is  at  the  NW  HH,  both 
the  NW  exdton  and  the  WW  continuum  are  excited.  If 
there  were  no  transfer  from  the  NW  to  the  WW,  the 
resonant  excitation  of  NW  exdtons  would  have  no  effect 
on  the  intensity  of  the  WW  luminescence;  therefore  no 
increase  in  the  luminescence  would  be  expected.  In  other 
words,  there  would  be  no  structure  at  the  NW  HH  or 
NW  LH  positions:  there  would  simply  be  the  flat,  WW 
continuum.  In  contrast,  when  there  is  a  strong  transfer 
from  the  NW  to  the  WW  (Fig.  1,  top),  the  amount  of 
electron-hole  pairs  from  the  NW  that  eventually  end 
up  in  the  WW  can  be  estimated  in  the  following  simple 
way:  inasmuch  as  the  WW  luminescence  is  enhanced  by 
a  factor  of  2  when  the  NW  HH  is  resonantly  exrited,  it  can 
be  estimated  that  nearly  half  of  the  electron -hole  pairs  in 
the  WW  originate  from  the  NW.  From  this  and  the  PLE 
spectra  with  the  low-energy  tail  of  the  NW  luminescence 
as  a  window  we  can  easily  estimate  that  as  much  as 
30%  of  the  resonantly  exdted  NW  exdtons  eventually  end 
up  in  the  WW.  We  also  can  divide  the  area  under  the 
NW  HH  peak  by  that  of  the  WW  HH  peak6  and  come 
up  with  roughly  the  same  number,  —30%.  From  the 
known  lifetime 'of  resonantly  exdted  exdtons7  and  from 
the  vertical  velodties  of  the  first  quantized  electrons  and 
holes  we  can  estimate  that  the  transfer  coeffident  is  of  the 
order  of  ~10'3,  at  least  10  orders  of  magnitude  greater 
than  the  tunneling  coeffident  over  the  one-dimensional 
mean-field  barrier. 

In  Fig.  3,  striking  examples  of  the  complete  failure  of 
the  mean-field  approach  are  shown.  PLE  spectra  of  a 
GaAs  ADQW  with  a  digital  alloy  barrier  (top  trace)  and 
a  shallow  LoxGa^As/GaAs  ADQW  are  shown.  The  digi¬ 
tal  alloy  barrier  consists  of  GaAs/AlAs  at  a  ratio  of  five 
monolayers  to  two  monolayers,  and  d  was  kept  at  30  nm. 
With  these  structural  parameters  the  effective  alloy  con¬ 
centration  is  0.28.  For  this  digital  alloy  barrier,  which 
is  roughly  equivalent  to  10  nm  of  AlAs,  the  mean-field 
theory  would  predict  a  larger,  albeit  negligible,  trans¬ 
fer  coeffident  than  for  the  30-nm  Alo.3Gac.7As  alloy  bar¬ 
rier.  Likewise,  the  exdton  transfer  of  the  InGaAs/GaAs 
ADQW  should  be  much  larger  than  the  GaAs  ADQW  with 
x  =»  0.3  because  the  wells  are  much  shallower.  The  ab¬ 
sence  of  NW  peaks  in  the  PLE  spectra  of  the  digital  al¬ 
loy  ADQW,  or  of  the  weak  shallower-well  HH  peak  in 
the  In*Gai.xAs/GaAs  ADQW,  tells  exactly  the  opposite 
story.  The  absence  of  exdton  transfer  when  the  barrier 
is  GaAs  or  AlAs/GaAs  digital  alloy  strongly  suggests  that 
this  anomalous  transfer  is  a  result  of  the  alloy  nature  of 
the  barrier.  AlIGa1_xAs,  being  a  substitutional  alloy,  has 
an  intrinsic  spatial  fluctuation  of  atomic  arrangement. 
Therefore  we  contend  that  a  large  spatial  variation  of  the 
alloy  potential  barrier  is  responsible  for  this  puzzling  phe¬ 
nomenon.  Because  the  order  parameter  or  the  size  of  the 
fluctuations  in  alloys  is  often  a  strong  function  of  x,  this 
picture  is  consistent  with  the  observed  sharp  decrease  be¬ 
tween  Jh**  0.3  and  x  =-  0.5. 

To  investigate  the  x  dependence  of  the  transfer  more 
systematically,  we  studied  many  GaAs/AUGai^As  ADQW 
samples  with  varying  x.  In  Fig.  2  the  transfer  effidency 
that  we  obtained  by  normalizing  the  NW  HH  peak  to  the 
WW  HH  or/ to  the  background  is  plotted  against  x.  A 
sharp  decrease  is  observed  near  x  ■»  0.3 From  this  x 
dependence,  photon  reabsorption  by  the'WW  can  safely 
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be  ruled  out,  as  the  bamer  region  is  always  transpar¬ 
ent  at  the  photon  energies  used.  It  is  interesting  that 
this  critical  x  is  dose  to  the  direct-to- in  direct  crossover 
(x  -  0.35).  With  the  exriting  photon  energies  well  be¬ 
low  the  threshold  for  the  intervalley  transfer,  the  real 
space-charge  transfer6  is  not  directly  relevant  Further¬ 
more,  the  issues  of  type  II  superiattices  or  the  barrier- 
confined  states9  do  not  apply  here  because  of  relatively 
large  well  thickness.  In  contrast,  a  deeper  understand¬ 
ing  of  the  direct-to-indirect  crossover  in  AlxGax.xAs  alloy 
in  terms  of  order  parameters  or  duster  sizes10  might  prove 
useful.  Finally,  note  that  even  for  large  x  there  is  a 
significant  transfer  effidency  of  —5%,  which  is  roughly 
independent  of  x.  This  transfer  might  be  due  to  photon 
reabsorption  or  coherent  polariton  transfer,3'5  processes 
that  are  thought  to  be  largely  independent  of  x  and  d. 

We  note  that  significant  transfer  persists  up  to  d  = 
30  nm,  which  means  that  the  d  dependence  is  much 
weaker  than  what  the  one-dimensional  tunneling  model 
would  predict.  To  see  this  effect  more  closely,  we  stud¬ 
ied  the  d  dependence  of  the  transfer  as  a  function  of  d  for 
a  fixed  x  =■  0.3.  In  Fig.  4  the  d  dependence  of  the  nor¬ 
malized  transfer  effidency  in  a  GaAs/AlxGax.xAs  ADQW 
is  shown  for  x  =  0.3  (open  circles)  along  with  that  for 
x  =  1  and  d  =*  30  nm  (filled  drdes).  The  d  dependence 
at  x  =*  0.3  is  weak,  and  even  at  d  —  150  nm  it  is  still 
greater  than  that  of  x  —  1  and  d  —  30  nm.  The  weak 
dependence  on  d  suggests  that  the  apparent  penetration 
depth  is  of  the  order  of  100  nm.  Because  the  tunneling 
coeffident  would  decrease  exponentially  with  d ,  with  zto 
penetration  depth  of  the  order  of  1  nm,  this  dependence  is 
again  suggestive  of  a  transfer  effidency  that  is  orders  of 
magnitude  larger  than  the  prediction  of  tunneling.  We 
now  discuss  model  calculations  that  take  into  account  the 
effect  of  the  detailed  structure  of  the  alloy  barrier  and 
possible  dustering  of  GaAs  and  AlAs  molecules. 

In  the  mean-field  approach  the  barrier  height  m  a 
GaAs/ALGa^As  superlattice  is  assumed  to  be  constant 
determined  by  x.  In  contrast,  recent  scanning  tunneling 
microscopic  studies  of  GaAs/ALGai^As  quantum 
AlAs/GaAs  superiattices,  and  AlrGax.xAs  alloys11  rhow 
that  there  is  elongated  dustering  of  Ga-ricb  and  AL- 
rich  regions  in  the  barrier  along  the  growth  direction, 
thus  possibly  connecting  adjacent  GaAs  wells.  This  is 
related  to  recent  theoretical  studies  cf  long-  and  riiort- 
range  order  in  the  ternary  substitutional  allojrs.10,,;;'’  We 
first  considered  the  effect  of  atomic  scale  fluctuations 
on  the  transmission  coeffident.  We  divided  the  barrier 
into  small  cubes  of  atomic  scale  representing  GaAu  or 
AlAs  molecules  and  randomly  assigned  the  potential  Vo 
for  AlAs  or  0  for  GaAs.  V0  is  1.12  eV  (0.26  eV)  to  sim¬ 
ulate  the  band  offsets  for  electrons  (holes)  [Fig.  5(a)]. 
We  solved  the  resulting  three-dimensional  effective  mass 
equation  with  appropriate  boundary  conditions  to  obtain 
the  transmission  coeffidents.  The  resulting  transmis¬ 
sion  coeffidents  are  larger  than  those  obtained  lion?,  the 
one-dimensional  mean-field  approach  up  to  a  facti  r  of 
10  but  are  still  far  too  small  to  explain  the  large  trans¬ 
mission  coeffident  of  the  order  of  10“3  deduced  fiom  ex¬ 
periments.  Essentially,  the  wavelength  cf  the  iY  ruining 
waves  (—10  nm,  comparable  with  the  well  size.)  Y  too 
large  for  the  waves  to  see  the  low  but  narrow  jjotential 
pathways. 
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Fig.  5.  (a)  Schematic  of  the  construction  of  barriers  used  in  our 
model  calculations,  assuming  completely  random,  atomic  alloy 
fluctuations.  The  shaded  squares  represent  AlAs  molecules, 
(b)  Schematic  of  our  model  calculations  taking  into  account  the 
clustering  and  the  formation  of  channels,  (c)  Same  as  (b),  except 
for  the  existence  of  kinks,  (d)  Transmission  coefficients  using 
barriers  described  m  (b),  plotted  against  x  for  several  grid  sixes. 
The  incident  wave  simulates  holes  in  the  narrow  well,  with  an 
effective  mass  of  ~G.5m*  and  a  wavelength  of  15  nm. 


We  then  replaced  the  cubes  in  the  barrier  region  with 
rectangular  cylinders  (or  wires)  long  enough  to  connect 
the  two  wells,  as  shown  in  Fig.  5(b),  simulating  the  pos¬ 
sible  aligning  of  GaAs  or  AlAs  roughly  along  the  growth 
direction  in  light  of  recent  scanning  tunneling  microscopy 
studies.11  We  performed  the  quantum-mechanical  cal¬ 
culation  for  various  size?  of  rectangles  to  study  the 
cluster  size  effect  on  the  transmission  coefficients.  Fur¬ 
thermore,  the  possible  effect  of  kinks  was  considered 
[Fig.  5(c)]  in  connection  with  Ref.  11,  where  the  GaAs 
quantum  wires  were  shown  to  zigzag  their  ways  through 
the  barrier.  In  Fig.  5(d)  we  plot  the  transmission  co¬ 
efficients  of  holes  as  functions  of  x  for  several  duster 
sizes,  using  the  model  of  Fig.  5(b).  We  considered  holes 
rather,  than  electrons  because  it  is  generally  believed 
that  the'transport  of  excitons  is  determined  mostly  by 
the  first  quantized  holes,  whose  transport  is  generally 
slower  than  that  of  electrons  because  of  their  larger  effec¬ 
tive  masses.  For  the  grid  size  of  0.4  nm  the  results  are 
only  slightly„*larger  than  the  prediction  of  the  mean-field 
theory,  despite  the  fact  that  there  are  many  low-potential 
quantum  wires  in  the  barrier.  The  physics  of  this  low 


transmission  coefficient  is  the  same  as  described  above: 
the  pathways  are  much  narrower  than  the  wavelength. 
Increasing  the  cluster  size  rapidly  enhances  the  trans¬ 
mission  coeffident,  so  for  the  duster  size  3  nm,  nearly 
all  holes  can  pass  through  the  barrier  for  relatively  low 
x.  The  physics  of  this  huge  enhancement  in  the  trans¬ 
mission  coeffident  is  that,  for  the  average  duster  size  of 
3  nm,  there  is  a  small  fraction  of  GaAs  clusters  whose  di¬ 
mensions  are  larger  than  15  nm,  which  is  the  wavelength 
of  the  holes  or  electrons.  These  large  dusters  permit  the 
ballistic  transport  of  holes  or  electrons,  resulting  in  large 
transmission  coeffidents.  The  strong  x  dependence  and 
the  weak  d  dependence  can  then  be  explained  in  this 
model,  albeit  somewhat  trivially.  In  addition,  the  re¬ 
sults  obtained  from  the  model  schematically  described  in 
Fig.  5(c)  show  that  the  effect  of  the  kink  is  to  decrease 
the  transmission  coefficient  only  slightly  without  chang¬ 
ing  the  overall  trends.  Finally,  note  that  our  results 
have  only  a  weak  dependence  on  the  specific  band  offsets 
used,  for  the  physics  is  determined  essentially  by  the 
maximum  duster  size. 

Our  model  calculations  suggest  that  the  anomalously 
large  transmission  coeffident  and  most  features  of  our 
experiments  could  be  explained,  at  least  qualitatively, 
if  there  were  a  large  enough  dustering  of  GaAs  or 
AlrGa1.rAs  with  very  low  x  connecting  two  GaAs  quantum 
wells  in  a  quantum-wire-like  fashion.  Although  a  more 
realistic  approach  to  the  detailed  mechanism  of  duster¬ 
ing  and  the  resulting  structure  and  pattern  formation 
would  be  much  desired,  our  results  imply  that  the  dus¬ 
tering  of  GaAs  in  the  alloy  barrier  is  a  likely  source  of 
the  greatly  enhanced  interwell  coupling.  Finally,  even 
without  dustering,  quantum  wells  with  completely  ran¬ 
dom  substitutional  alloy  as  barriers  might  have  extended 
states  below  a  certain  x.13  This  type  of  approach  has  not 
yet  shown  its  full  potential  in  semiconductor  physics. 

To  condude  this  section,  we  have  experimentally 
demonstrated  that  a  mysteriously  largely  transfer  of  ex- 
dtons  through  thick  barriers  occurs  when  the  barrier  is 
composed  of  Al*Gai.x As  alloy.  Unlike  solid  barriers  such 
as  GaAs/ AlAs  digital  alloys,  ALGa^As  is  essentially 
leaky,  or  percolating,  especially  for  x  <  0.4:  There  may 
be  regions  of  low  potential  in  the  barrier  connecting  two 
adjacent  wells,  which  permit  the  observed  huge  charge 
transfer.  Our  results  show  that,  beyond  the  widely  used 
mean-field  approach,  one  needs  a  three-dimensional  ap¬ 
proach  that  considers  the  detailed  nature  of  the  barrier 
such  as  dustering  to  understand  the  transfer  over  thick 
alloy  barriers  in  semiconductor  superlattices. 

3.  ANTI-STOKES  LUMINESCENCE  AT 
LOW  TEMPERATURE  AND  EXCITATION 
DENSITY  IN  ADQW’S  AS  A  NATURAL 
CONSEQUENCE  OF  COUPLED  QUANTUM 
SYSTEMS  WITH  ENTERSITE  DEPHASING 

From  Section  2  it  is  dear  that  GaAs  quantum  wells 
separated  by  an  Al*Gai.,As  alloy  barrier  with  x  <  0.4  are  a 
weakly  but  reasonably  well-coupled  system  even  when  the 
barrier  is  thick,  with  the  coupling  strength  or  the  trans¬ 
mission  coeffident  per  single  trial  near  10  3 .  In  tnis  sec¬ 
tion  we  focus  on  the  emission  of  anti-Stokes  luminescence 
(ASL)  that  results  from  the  NW  in  a  GaAs/Al,Gai.xAs 
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Fig.  6.  Schematic  of  the  ASL.  When  the  WW  exdton  or  con¬ 
tinuum  is  excited  below  the  NW  HH,  blue-shifted  luminescence 
from  the  NW  is  observed. 

ADQW  even  when  only  the  WW  seems  to  be  initially  ex¬ 
cited,  resonantly  at  the  exdtonic  level  or  nonresonantly  at 
the  continuum.  This  phenomenon. was  observed  earlier,2 
but  its  origin  has  remained  a  complete  puzzle,  espe¬ 
cially  because  it  did  not  increase  with  intensity  or  tem¬ 
perature.  Thus  intensity-dependent  nonlinear  effects 
or  temperature-related  excitation  processes  observed  in 
other  systems14  cannot  explain  it.  We  studied  this  ASL 
from  both  experimental  and  theoretical  points  of  view. 
We  found  that  the  intensity  of  the  ASL  normalized  to 
the  normal  Stokes  luminescence  is  of  the  order  of  1CT3 
in  samples  with  significant  Stokes  charge  transfer,  again 
orders  of  magnitudes  larger  than  the  thermal  coefficient 
Interestingly,  this  efficiency  matches  well  the  transfer 
coefficient  deduced  from  the  Stokes  PLE  spectra.  From 
a  simple,  coupled  four-level  system  analysis  we  show 
that,  indeed,  the  emission  of  anti-Stokes  luminescence 
is  a  general  feature  of  any  coupled,  spatially  separated 
quantum-mechanical  system  with  dephasing.  In  addi¬ 
tion,  it  is  shown  that  the  ASL  efficiency  directly  gives  the 
coupling  constant. 

In  Fig.  6  a  schematic  of  ASL  is  given,  with  the  solid 
and  the  dashed  arrows  corresponding,  respectively,  to 


excitation  of  the  WW  level  without  exciting  the  NW 
(thus  with  photon  energy  below  the  NW  HH)  and  to  the 
anti-Stokes  emission  at  the  NW  HH.  Figure  7  shows 
a  PLE  spectrum  at  14  K  of  a  molecular-beam  epitaxy- 
GaAs/AlxGa!.xAs/GaAs  (10  nm/20  nm/5  nm)  ADQW  with 
x  0.28  when  the  WW  continuum  is  excited  (top  left-hand 
curve).  Very  strong  ASL  with  a  normalized  efficiency  of 
~10~3  is  observed.  At  the  bottom  of  the  figure  an  anti- 
Stokes  PLE  spectrum  is  shown  with  the  photolumines¬ 
cence  window  at  the  peak  of  the  NW  HH  and  excitation 
energies  scanned  across  the  WW  excitons  and  continuum. 
Well-defined  WW  HH  and  LH  peaks  are  visible,  as  is  the 
WW  continuum.  Therefore  the  ASL  occurs  regardless  of 
whether  the  WW  excitons  or  the  free-carrier  continuum 
is  excited. 

In  the  following  discussion  we  propose  the  interwell  de¬ 
phasing  of  a  coupled  quantum  system  as  the  mechanism 
for  the  ASL.  Realizing  that  the  ADQW  is  essentially  a 
weakly  coupled  system,  we  attempt  to  understand  the 
ASL  starting  from  this  point  of  view.  We  consider  the  fol¬ 
lowing  simple  model,  described  in  Fig.  8.  We  consider  a 
coupled  four-level  model,  in  which  the  coupling  is  between 
electrons  in  a  WW  and  a  NW  and  between  holes  in  a  WW 
and  a  NW.  With  coupling  included,  the  eigenstates  of 
electrons  are  slightly  extended  in  space,  with  some  small 
probability  amplitudes  to  be  found  at  the  other  well: 

& ww  —  <Aww  %  ~  ^ww ,  (3.1) 

<Anw  =*  <Anw  ~  aV^wwi  &  ^nw(>^ww)  ,  (3.2) 

where  a  «  1  and  <Aww  and  are  noneigenstate  wave 
functions  localized  in  the  WW  and  the  NW,  respectively. 
The  eigenstates  for  holes  can  be  described  similarly.  WTe 
now  consider  the  excitation  of  the  low-energy  eigenstates 
of  electrons  and  holes  of  the  coupled  system,  as  described 
in  Fig.  8(a).  The  eigenstates  have  well-defined  energy 
and  are  mostly  localized  in  the  WW  but  have  some  small 
probability  amplitudes  to  be  found  in  the  NW.  In  the 
absence  of  scattering  the  eigenstates,  which  are  coher¬ 
ent  superpositions  of  the  localized  wave  functions,  would 


Fig.  7.  (Top)  PL^spectrum  at  14  K  from  an  ADQW  (5  nm/20  mn/10  nm;  x  —  0.28)  when  the  WW  continuum  is  excited.  A  well-defined 
NW  HH  peak  is  visible.  (Bottom)  anti-Stokes  PLE  spectrum  with  the  window  at  the  peak  of  the  NW  HH  peak.  The  aiTows  indicate 
the  position  of'the'Taser  line  (top)  and  the  anti-Stokes  PLE  window  (bottom).  PL,  Photoluminescence. 
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Fig.  8.  (a)  Schematic  of  photoexdtation  of  the  spatially  coherent 
eigenstates  of  electrons  and  holes  that  are  mostly  localized  in 
the  WW  (thus  the  lower-energy  eigenstates)  in  the  coupled-well 
picture,  (b)  Schematic  of  the  dephased  wave  functions  that  are 
not  eigenstates  but  are  superpositions  of  eigenstates  with  small 
probability  to  be  found  at  the  higher-energy  states  and  of  the 
resulting  ASL. 


4a2sin2[(0  -  6')/ 2].  Taking  an  ensemble  average,  we 
arrive  at  the  fraction  of  electron  population  transferred 
to  the  higher-energy  state  (/^w: 


fraction  of  population  transfer  =  2a2.  (3.5) 


Therefore  an  anti-Stokes  population  transfer  to  a  higher- 
energy  state  has  occurred  purely  as  a  result  of  dephasing. 
Furthermore,  the  fraction  of  the  transferred  population  is 
determined  only  by  the  coupling  strength  a  and  does  not 
depend  on  temperature  or  intensity.  Similarly,  the  frac¬ 
tion  of  the  anti-Stokes  population  of  holes  can  be  repre¬ 
sented  by  2/32,  where  /3  is  the  coupling  constant  for  holes. 

We  now  consider  the  photoexdtation  of  electrons  and 
holes  in  their  respective  lower-energy  eigenstates  that 
are  mostly,  but  not  completely,  localized  in  the  WW.  Ini¬ 
tially,  without  interwell  dephasing,  the  electrons  and  the 
holes  would  recombine  to  give  luminescence  at  the  excita¬ 
tion  energy  (resonant  luminescence).  However,  after  in¬ 
terwell  dephasing,  a  small  fraction  of  electrons  and  holes 
can  be  found  with  higher  energy  and  gives  rise  to  ASL, 
as  shown  in  Fig.  8(b).  When  the  interwell  dephasing  is 
much  faster  than  the  radiative  recombination  time,  a  con¬ 
dition  easily  satisfied  in  semiconductors,13  the  normalized 
intensity  of  the  ASL  to  the  normal  luminescence  (NL) 
would  be  given  by 


normalized  ASL  intensity  —  2  min{a2,  2}.  (2.6) 


maintain  their  spatial  coherence  between  the  sites.  In 
realistic  situations,  however  the  states  would  undergo  a 
variety  of  weak  but  random  scatterings,  some  of  which 
would  destroy  the  phase  relationship  between  the  sites. 
One  commonly  describes  the  effects  of  these  random  scat¬ 
terings  by  multiplying,  random  phase  factors,  which  would 
destroy  the  spatial  coherence.  Therefore,  after  a  charac¬ 
teristic  intersite  dephasing  time,  the  system  can  be  de¬ 
scribed  as  being  in  an  essentially  mixed  state  in  terms  of 
its  spatial  coherence. 

The  effect  cf  this  intersite  dephasing  on  the  energy 
transfer  becomes  clear  when  we  consider  the  dephased 
electron  state  ^fWw  initially  at  the  eigenstate  (/ry/w  =■ 
<Aww  '+*  after  intersite  dephasing  the  state  can 

now  be  described  as 

<Acf.ww  —  exP(i£)  +  exp(i0O 

*  exp(iO){i//vm  *+*  a^Nw  exp[£(0'  -  5)]},  (3.3) 

where  6  and  8'  are  random  phases  introduced  by  scat¬ 
terings  at  the  WW  and  the  NW,  respectively.  Note  that, 
whereas  is  an  eigenstate,  the  dephased  state  tpd, ww 
described  in  Eq.  (3.3)  is  not:  Expanding  the  dephased 
state  </^>w  with  the  eigenbases  <^ww  and  we  get, 
keeping  only  up  to  the  first  order  in  nr, 

-  exp(i0)(v>w  +  a^Nw{exp(i(0'  -  $)]  -  1}) . 

(3.4) 

In  Eq.  (3v4)’‘the  probability  for  the  dephased  state  to 
be  found  at  the  initially  vacant  eigenstate  is 


Equation  (3.6)  shows  that  the  efficiency  of  the  ASL  c.'.n  be 
useful  as  a  general  tool  to  determine  the  coupling  sti  c.ngtii 
in  weakly  coupled  systems  with  fast  dephasing. 

Finally,  we  ask.  Where  does  the  energy  for  the  >mti- 
Stokes,  transport  come  from?  Because  dephasmg  causes 
the  anti-Stokes  transport,  the  answer  would  depend 
on  the  dominant  scattering  process  that  causes  the 
dephasing.  The  energy  cost  of  breaking  the  spa-.ij  co¬ 
herence  in  our  ADQW  is  of  the  order  of  -0.01  m??V  (the 
energy  separation  between  the  NW  HH  and  tiv:  WW 
exciton  or  the  WW  continuum,  multiplied  by  the  ASL 
efficiency)  per  exciton  or  electron-hole  pair.  This  en¬ 
ergy  cost  is  relatively  small  compared  with  the  t,:eess 
energy  of  the  electron-hole  pair  fas  much  as  50  uieV) 
of  the  energy  of  acoustic  phouons,  even  at  low  tempera¬ 
tures  —  0.16  meV  at  2  K),  so  the  energy  corner  from 
these  heat  baths.  Furthermore,  even  at  the  excitation 
of  a  WW  HH  exciton,  which  corresponds  to  the  lowest 
possible  excess  energy,  there  is  an  excess  energy*  of  the 
order  of  0.1  meV,  purely  as  a  result  of  photon  momentum 
at  the  plane  of  the  quantum  well.7  Thus  it  is  quite  likely 
that,  even  with  excitation  of  WW  HH  at  zero  temperature 
limit,  ASL  would  be  observed,  with  the  energy  u.r  the 
ASL  coming  essentially  from  the  excess  energy  of  exci- 
tons.  Experimentally,  even  at  low  temperature  and  low 
excitation  limits,  dephasings  (interband,  intrabanc,  and 
interwelj)  of  excitons  or  free  carriers  in  semiconductors 
mowing  to  acoustic  phonons,  impurities,  other  exc.urns,  or 
carriers  are  much  faster  than  the  radiative  recom'.b :ation 
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time.15-17  Therefore  observation  of  ASL  at  low  tempera¬ 
ture  and  low  intensity  limits  in  ADQW  should  arise  quite 
naturally. 

To  conclude  this  section,  we  have  proposed  a  new 
mechanism,  namely,  intersite  dephasing,  as  an  efficient 
mechanism  of  anti-Stokes  population  transfer  at  low  tem¬ 
perature  and  intensity  limits.  The  resulting  ASL  can 
serve  as  a  general  tool  to  probe  weak  coupling  strengths. 
We  then  showed  that  the  main  features  of  the  intrigu¬ 
ing  phenomenon  of  ASL  at  low  temperature  and  low  den¬ 
sity  in  GaAs  ADQW’s  are  entirely  consistent  with  the  pro¬ 
posed  mechanism  of  anti-Stokes  population  transfer. 


4.  DYNAMICAL  SIMULATION  OF 
OPTICAL  PHONON  TRANSFER 
IN  THE  GaAs/AlxGai_xAs/  GaAs 
SINGLE-BARRIER  STRUCTURE 

The  approximations  inherent  in  mean-field  theories  of  al¬ 
loys  force  the  state  to  be  infinitely  extended  in  space. 
For  this  reason,  although  mean-field  theories  of  semicon¬ 
ductor  alloys  and  alley  superlattices  may  give  an  ade¬ 
quate  description  of  many  important  quantities  such  as 
band  gaps,  dispersion  curves,  and  density  of  states,  the 
issue  of  spatial  extent  or  coherence  length  is  largely  un¬ 
clear.  In  this  section  we  are  concerned  specifically  with 
the  dynamical  transfer  and  spatial  properties  of  opti¬ 
cal  phonons  in  GaAs/ Al* Ga As  superlattices  as  a  func¬ 
tion  of  x.  This  is  an  issue  that  has  not  been  fully  re¬ 
solved  and  remains  controversial.1343  The  problem  of 
spatial  properties  of  optical  phonons  in  GaAs/AlAs  is  well 
known:  because  there  is  relatively  large  energy  gap  be¬ 
tween  the  GaAs  and  AlAs  optical  branches,  all  the  op¬ 
tical  phonons  are  expected  to  be  localized  within  each 
layer,  supported  by  cw  Raman  experiments.20  However, 
when  the  barrier  consists  of  GaAs  alloy,  the  existence  of 
GaAs-like  optical  phonons  in  the  alloy  makes  the  energy 
barrier  much  smaller,  making  the  transmission  of  GaAs 
phonons  much  easier.  Recent  picosecond  Raman  scatter¬ 
ing  experiments13’19  showed  that  the  generation  rate  of 
hot  Raman-active  phonons  for  x  <—  0.3  shows  a  satu¬ 
rating  behavior,  which  was  attributed  to  the  saturation 
of  transmission  coefficient  T  at  a  substantial  value.  Be¬ 
cause  mean-field  theories  always  produce  extended  wave 
functions,  a  different,  more  realistic,  approach  is  needed. 

To  take  the  random  fluctuations  and  the  structural 
inhomogeneity  fully  into  account,  we  need  to  consider 
a  much  greater  number  of  atoms  than  in  typical  su¬ 
percell  methods.  For  this  purpose  we  start  with  the 
classical  time-dependent  equation  of  motion  and  simulate 
the  propagation  of  the  vibration  corresponding  to  GaAs 
optical  phonons  in  the  GaAs/Al*Gai_*As/GaAs  single- 
barrier  structure  consisting  of  16  monolayers  of  GaAs 
(GaAs  D/ALGai^As  alloy  of  variable  x  and  Lb  (barrier 
thickness)*  and  16  monolayers  of  GaAs  (GaAs  ID  in  the 
[001]  direction  (Fig.  9).  One  monolayer  contains  typi¬ 
cally  400-1600  atoms.  In  the  alloy  barrier  region  we 
first  consider  an  atomic  scale  fluctuation  of  substitutional 
alloy  by  distributing  Ga  and  A1  atoms  on  cation  sites 
at  random  with  the  probabilities  1-x  and  x,  respectively. 
Next  we  investigate  the  effect  of  spatial  correlation  or 
clustering  of  alloy  by  introducing  clusters  in  a  cylindrical 


shape  (Fig.  10).  The  cation  sites  in  each  cylinder  will  all 
be  occupied  by  either  Ga  or  A1  atoms  with  the  probability 
1-x  or  x.  The  spring  constants  are  set  to  a  constant  value, 
and  the  difference  in  atomic  species  is  considered  through 
their  mass  difference.  The  initial  optical  phonon  wave 
is  assumed  to  be  in  the  GaAs  I  region. 

We  calculated  the  energy  transmission  at  the  detection 
layer  in  the  GaAs  II  region  and  then  defined  the  transmis¬ 
sion  coefficient  T  by  normalizing  the  transmitted  energy 
to  the  value  for  x  =  0.  The  transmission  coefficient  for 
an  alloy  barrier  (Lb  =*  5.6  nm)  T  continues  to  decrease  ex¬ 
ponentially  as  a  function  of  x  until  x  —  0.3  and  remains 
at  a  small  value  above  x  —  0.3.  The  exponential  decay 
of  the  transmission  coefficient  for  small  x  shows  that  the 
propagating-to-confined  transition  does  not  occur  in  a  rig¬ 
orous  sense  and  indicates  incoherent  scattering  from  ran¬ 
dom  scatter ers.  The  small  constant  T  values  for  larger 
x  are  attributed  to  the  fluctuation  by  acoustic  modes  as 
well  as  by  the  overlap  of  localized  modes. 

Then  the  question  arises  of  how  such  a  saturating  be¬ 
havior  of  T  would  possibly  be  realized  as  observed  in  the 
generation  rate  of  the  Raman-active  phonons  for  x  <—  0.3. 
We  suggest  two  plausible  candidates  for  the  cause  of  the 
saturation  of  the  transmission  coefficient,  namely,  the 
lifetime  effect  of  optical  phonons  and  the  clustering  ef¬ 
fect  of  atoms.  As  in  tunneling,  the  transmission  coeffi¬ 
cient  should  be  multiplied  by  the  number  of  round  trips 
(i.e.,  the  number  of  attempted  tunnelings)  that  the  op¬ 
tical  phonon  makes  during  its  lifetime  to  yield  the  even¬ 
tual  tunneling  coefficient.  Because  the  lifetime  of  optical 
phonons  in  GaAs  ranges  from  7  to  20  ps,  depending  on 
experimental  conditions  and  the  assumption  of  homoge- 


Fig.  9.  Schematic  of  the  single-barrier  structure  in  the  {001] 
direction.  The  darker  circles  in  the  barrier  region  represent  A1 
atoms,  and  the  lighter  ones  GaAs  atoms,  on  the  cation  sublattice. 
We  simplified  the  crystal  structure  for  convenience  and  do  not 
show  atoms  in  the  GaAs  regions. 


Fig.  10.  Schematic  of  a  partially  ordered  or  clustered  barrier. 
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Fig.  11.  Modified  transmission  coefficient  V  as  a  function  of  x 
for  barrier  thicknesses  of  six  (top  curve)  and  ten  (bottom  curve) 
monolayers,  including  the  effect  of  attempted  tunneling  three 
times  over  the  phonon  lifetime. 


neous  or  inhomogeneous  broadening,21-22  the  total  number 
of  attempted  tunnelings  is  one  to  three  during  the  experi¬ 
mental  lifetime  in  the  present  geometry. 

Regarding  the  previously  calculated  T  as  the  coefficient 
of  the  equation  for  the  decay  of  the  vibration  energy,  we 
obtained  the  modified  transmission  coefficient  T*  during 
the  optical  phonon  lifetime  for  the  alloy  thickness  of  6-10 
monolayers  and  then  normalized  to  the  value  for  x  =■  0  as 
before.  The  result  is  plotted  in  Fig.  11  as  a  function  of  x. 
A  noticeable  saturation  is  observed  for  a  thin  alloy  barrier. 
However,  the  transmission  coefficient  is  still  small  in  the 
case  of  a  thick  alloy  barrier  compared  with  that  in  the 
experiment. 

To  see  the  effect  of  partial  order  or  clustering11-12  in 
the  alley  as  discussed  in  Section  2  on  optical  phonon 
propagation,  we  considered  the  model  schematically  de¬ 
scribed  in  Fig.  10.  Results  are  presented  in  Fig.  12  for 
various  duster  sizes  with  a  total  barrier  thickness  of  10 
monolayers.  The  notation  111  represents  no  clustering, 
whereas  225  represents  dustermg  of  two  monolayers  in 
the  plane  of  the  layer  and  that  of  five  monolayers  in  the 
growth  direction.  The  transmission  coefficient  surely  in¬ 
creases  dramatically  as  the  alloy  is  ordered,  because  GaAs 
optical  phonons  can  propagate  more  easily  through  the 
duster  of  GaAs  than  can  the  completely  random  alloy  bar¬ 
rier.  This  is  essentially  the  same  physics  as  described 
in  Section  2.  The  transmission  coeffident  for  the  largest 
duster  (555)  is  increased  as  much  as  several  tens  of  times 
in  comparison  with  the  value  for  completely  random  al¬ 
loy  bamer  at  x  *■  0.2.  Although  such  clustering  or  par¬ 
tial  ordering  of  GaAs  or  ALAs  in  AlGaAs  alloy  is  not  yet 
accepted  as  a  general  phenomenon,  it  is  dear  that  par¬ 
tial  ordering  or  dustermg  would  enhance  the  transmis¬ 
sion  of  the  optical  phonon  dramatically,  even  through  a 
thick  alloy  barrier,  in  the  same  qualitative  way  as  the 
transmission  of  electrons  and  holes  described  in  Section  2. 
We  now  discuss  nonequilibrium  Raman  scattering  experi¬ 
ments  on  AljGa^As  alloys  and  GaAs/AlxGai^As  quan¬ 
tum  wells,  in  connection  with  our  theoretical  results. 

It  is  weilkrfown  now  that  a  nonequilibrium  hot-phenen 
population  probed  by  Raman  scattering  can  be,  when 
properly  analyzed,  a  sensitive  probe  of  the  spatial  extent 


of  the  Raman-active  LO  phonons.18-23  This  is  essentially 
because  the  hot-phonon  distribution  curve  generated  by 
the  hot-electron  relaxation  is  a  strong  function  of  the 
phonon  wave  vector  and  therefore  of  the  spatial  extent. 
Although  the  details  are  given  elsewhere,23  once  the  hot- 
phonon  occupation  number  properly  normalized  to  that 
of  bulk  GaAs  under  the  same  experimental  conditions  is 
known  we  can  deduce  the  coherence  length  of  the  Raman- 
active  GaAs  or  GaAs-like  LO  phonons  in  GaAs/ALGa^As 
quantum  wells  or  A^Ga^As  alloy,  using  the  hot-phonon 
distribution  curve. 

In  Fig.  13(a)  the  hot-phonon  occupation  number  of 
GaAs  LO  phonons  for  the  GaAs/A^Ga^As  multiple  quan¬ 
tum  wells  observed  by  picosecond  (1.5-70-ps)  and  cw 
Raman  scattering  is  shown  as  a  function  of  x.  We 
took  the  data  under  the  same  irradiation  density,  us¬ 
ing  photon  energies  of  1.9-2.3  eV.  We  used  a  number  of 
quantum-well  samples  (more  than  30)  with  Lt  =  10  nm 
and  Lb  >  2  nm,  where  the  hot-phonon  occupation  num¬ 
ber  is  largely  independent  of  Lb  but  strongly  dependent 
on  x.  Using  these  results,  and  assuming  the  phonon 
wave  function  ifr  -  exp(i<7ox)exp(-22/.f2)  (where  q0  is  the 
Raman-active  wave  vector  at  the  backscattering  geome¬ 
try),  we  deduced  the  coherence  length  as  a  function  of 
x,  as  shown  in  Fig.  13(b).  In  calculating  the  coherence 
length  we  assumed  that  LO  phonons  in  bulk  GaAs  have 
an  infinite  coherence  length  and  that  the  hot-electrou  re¬ 
laxation  that  emits  the  hot  phonon  is  bulklike  because  of 
the  high  excess  energy  of  the  electrons  above  the  barrier. 
These  assumptions  can  be  relaxed  somewhat  without 
changing  the  overall  results.  The  strong  x  dependence 
near  x  -  0.3  shown  in  Fig.  13(b)  can  be  interpreted  as  the 
localized-to-extended  or  the  confined-to-propagation  tran¬ 
sition.  Because  the  increasing  transmission  rate  would 
increase  the  coherence  length,  these  results  are  in  some 
qualitative  agreement  with  theoretical  results  shown  in 
Figs.  11  and  12.  However,  the  experimentally  deduced 
change  in  the  coherence  length  as  a  function  of  x  is  more 
abrupt  than  in  the  theoretical  results.  One  contribut¬ 
ing  factor  to  this  discrepancy  can  be  the  assumption  of 
bulklike  hot-electron  relaxation  in  a  quantum  well.  This 
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Fig.  13.  (a)  Normalized  (to  bulk  GaAs  under  the  same  irradia¬ 
tion  density)  hot-phonon  occupation  number  of  GaAs  LO  phonons 
as  a  function  of  x.  The  curve  is  an  analytical  fit.  ( b)  Coherence 
length  as  a  function  of  x  deduced  from  the  method  described  in 
Ref.  19  obtained  from  the  analytical  fit  of  (a). 

assumption  can  make  the  experimentally  deduced  coher¬ 
ence  length  change  more  abruptly  than  in  more-realistic 
situations. 

In  this  section  we  have  shown  that  we  have  stud¬ 
ied  the  spatial  extent  and  dynamical  transfer  of  optical 
phonons  in  GaAs/AlxGai-*As  quantum  wells,  both  theo¬ 
retically  and  experimentally.  It  is  dear  that  whether  an 
optical  phonon  is  spatially  localized  or  extended  should 
be  answered  carefully,  depending  on  the  alloy  composi- 
•  tion  or  the  barrier  width.  Furthermore,  we  have  shown 
theoretically  that  partial  ordering  of  GaAs  or  AlAs  in  the 
alloy  barrier  dramatically  enhance  the  transmission 
of  optical  phonons  through  the  barrier. 

5.  ANDERSON  LOCALIZATION  STUDY  OF 
OPTICAL  PHONONS  IN  AlxGat^As 

Ever  since  the  famous  paper  by  Anderson13  the  local¬ 
ization  transition  in  disordered  systems  has  been  an  ac¬ 
tive  area  of  research.  A  large  amount  of  research  exists 
for  electronic  systems,  whereas  there  are  relatively  few 
results  for  phonon  systems.  For  the  electronic  cases  of 
the  Anderson  model,  the  randomness  resides  only  in  the 
on-site  energies,  and  as  a  result  only  diagonal  disor¬ 
ders  exist.  However,  for  a  disordered  phonon  system  it 
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was  believed  that  the  introduction  of  off-diagonal  disor¬ 
der  is  inevitable  irrespective  of  whether  the  randomness 
resides  in  the  masses  or  in  the  elastic  interactions.24’25 
Partly  because  of  this  incompatibility,  the  quantitative 
connection  between  a  disordered  phonon  system  and  the 
Anderson  model  is  at  present  not  well  established. 

As  a  related  problem,  the  optical  phonon  property  in 
ALGa^As  alloys  is  an  important  issue  for  which  some 
controversies  exist.  The  asymmetric  Raman  profiles 
of  the  GaAs-like  branch  have  been  fitted  on  the  as¬ 
sumption  of  finite  10  nm)  coherence  length  or  spatial 
extent,26  whereas  a  recent  paper  reports  that  well-defined 
GaAs-like  phonon  dispersions  exist  for  all  values  of  x.27 
These  two  results  are  somewhat  contradictory,  because  a 
well-defined  dispersion  relation  itself  may  imply  that  the 
spatial  correlation  function  of  the  phonon  is  infinite  in 
extent  Needless  to,  say,  the  word  dispersive  should  be 
used  with  caution,  because  the  inherent  uncertainty  in  k 
(Aife)  owing  to  alloy  fluctuation  results  in  line  broadening 
and  limits  the  spatial  extent  to  —  1/A&.  In  this  sense 
the  implication  of  the  experimental  results  in  support  of 
Baroni  et  al?  ‘(i.e.,  the  existence  of  well-defined  disper¬ 
sion)  is  that  the  spatial  extent  is  much  larger  than  the 
lattice  constant  for  x  £  0.3.  For  larger  x  the  width  of  the 
GaAs-like  optical  branch  becomes  smaller,  whereas  the 
linewidth  as  well  as  the  asymmetry  of  the  Raman-active 
optical  phonons  becomes  larger.  Therefore  the  concept 
of  a  dispersion  relation  with  well-defined  k  may  not  be 
a  useful  one  in  this  regime.  In  contrast,  the  method  of 
Parayanthal  and  Poliak26  is  limited  to  only  large  x  (in  the 
case  of  the  GaAs-like  mode)  for  which  substantial  asym¬ 
metries  in  the  line  shape  exist.  Of  course  any  direct 
use  of  mean-field  methods,  e.g.,  the  coherent  potential 
approximation  (CPA)  and  the  average  T-matrix  method, 
is  nonsensical  as  far  as  the  localization  properties  are 
concerned  because  the  approximations  inherent  in  them 
always  imply  that  we  are  dealing  with  extended  states.24 
We  need  a  more  fundamental  approach  to  study  the  lo¬ 
calization  property  of  this  alloy  system. 

In  this  section  we  first  show  that  the  localization 
properties  of  a  disordered  phonon  model  can  be  exactly 
mapped  to  those  of  a  generalized  Anderson  model.  A 
simple  model  for  phonon  properties  of  a  temaiy  alloy  sys¬ 
tem  is  constructed.  It  is  an  isotopically  disordered  one, 
i.e.,  the  spring  constants  are  a  constant  but  the  masses  of 
one  sublattice  are  random  variables.  By  an  appropriate 
identification  of  corresponding  parameters,  our  phonon 
model  is  exactly  mapped  to  the  Anderson  model  gener¬ 
alized  to  a  diatomic  basis  lattice.  This  enables  us  to 
study  the  localization  property  of  the  isotopically  disor¬ 
dered  phenon  system  by  the  same  method  as  used  for  the 
Anderson  model;  in  the  present  calculation  we  use  the 
method  introduced  by  Licciardello  and  Economou.28  At 
the  expense  of  some  rigor,  their  method  is  known  to  yield 
qualitatively,  and  to  some  extent  quantitatively,  correct 
results  for  localization  problems  in  three-dimensional 
electronic  system  without  much  computational  effort. 

Our  model  allows  us  to  study  the  localization  property 
of  phonons  in  any  zinc-blende  ternary  alloy  system.  We 
applied  cur  method  to  the  Al*Gat.xAs  alloys,  and  the  re¬ 
sults  obtained  with  our  model  calculation  present  a  gen¬ 
eral  localization  picture  that  reconciles-- the -two  above 
mentioned  seemingly  contradictory  results.  It  is  shown 
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that,  above  xc  a  0.45,  all  GaAs-like  optical  phonon  states 
are  localized,  which  is  in  agreement  with  the  assumption 
of  Parayanthal  and  Poliak.26  For  x  <  x*  most  states  are 
extended,  except  for  some  near  the  edges  of  the  GaAs- 
like  branch,  in  which  case  a  dispersion  relation  may  still 
be  a  useful  description  of  the  eigenstates.  Thus  in  our 
picture  the  two  seemingly  conflicting  results  mentioned 
above  are  reconciled  as  two  limiting  cases  whose  validity 
depends  on  whether  x  <  xc  or  x  >  xc. 

We  consider  an  alloy  of  the  chemical  formula  Ai.xBxC 
on  the  zinc-blende  structure.  A  cation  site  of  the  lattice 
is  randomly  occupied  by  an  A  or  a  B  atom  with  probability 
(1  -  x)  or  x,  respectively.  For  simplicity,  it  is  assumed 
that  a  displacement  from  its -equilibrium  position  can 
be  represented  by  a  scalar  quantity  and  that  the  elastic 
interactions  are  restricted  only  to  those  with  nearest- 
neighbor  sites.  No  important  qualitative  features  of  the 
system  are  thereby  lost,  and  extension  of  our  model  to 
the  general  cases  is  straightforward.  The  equations  of 
motion  for  this  system  are  written  as  follows: 

(5-1) 

where  Af;  (to,*)  and  Ui  (u,)  are  the  mass  and  the  atomic 
displacement  from  the  equilibrium  position  of  the  atom  at 
the  ith  cation  (anion)  site,  respectively.  The  superscript 
i  on  the  summation  denotes  that  the  summation  is  over 
only  the  nearest-neighbor  sites  of  site  L  There  is  no 
rp***  randomness  on  the  anion  sites,  so  we  can  remove 
the  site  label  from  m,*  and  set  them  all  equal  to  Afc- 
A  widely  used  way  of  treating  Eq.  (5.1)  is  as  follows. 
The  relations  I/,-  =■  Oi  exp (-iatt)  and  m  =*  Hi  exp(-iut) 
are  inserted  into  Eq.  (5.1),  and  each  equation  is  divided 
by  the  mass.  When  oj2  and  zK/Mi  are  identified  by  E 
and  £,*,  respectively,  the  equations  are  of  the  same  form 
as  the  eigenvalue  equations  of  a  tight-binding  model  for 
an  electronic  system.  However,  this  transform  has  the 
unfortunate  effect  that  ofi -diagonal  disorder  as  well  as 
the  diagonal  disorder  in  the  tight-binding  Hamiltonian  is 
generated.  We  take  a  different  approach;  each  equation 
is  divided  by  a*2  instead  of  by  the  tru  ss.  Then  we  get  a 
set  of  equations  as  follows: 

(Ci -£)£/,• +  VX*U,.  =  0, 

J 

{e  -  E)ui  +  V^'Uj~0,  (5.2) 

j 

where  z  =■  4  is  the  coordination  number  of  diamond 
lattices  and  a  transformation  of  parameters  Af,  —  £», 
Afc  zK/a> 2  —  E,  and  K/cj 2  —  V  has  been  per- 
formed^- /Equations  (5.2)  have  exactly  the  same  form  as 
Anderson  model  for  the  electronic  problem  generalized 
to  the  diatomic  basis  lattice.  No  off-diagonal  disorder  is 
generated  by  the  transform,  and  the  localization  of  the 
vibrational  state  can  be  determined  by  the  corresponding 
electronic  state  of  the  diatomic  Anderson  model,  in  which 
the-on-aite  energies  of  one  sublattice  are  randomly  dis¬ 
tributed  according  to  a1  binary  distribution  of  the  mass  of 


atom  A  (Ma)  and  the  mass  of  atom  B  (Mb)  and  those  of  the 
other  sublattice  are  a  constant  (Afc).  However,  it  should 
be  noted  that,  because  the  hopping  energy  V  is  depen¬ 
dent  on  E,  for  two  distinct  values  of  E  two  corresponding 
Anderson  Hamiltonians  have  hopping  energies  different 
from  each  other. 

For  a  localization  property  we  adopt  the  criterion  intro¬ 
duced  by  Licciardello  and  Economou,28  which  is  based  on 
the  fact  that  the  single- particle  Green’s  function  shows 
different  analytical  behavior  depending  on  whether  the 
eigenstate  of  energy  E  is  an  extended  state  or  a  localized 
one;  the  imaginary  part  of  the  self-energy  goes  to  zero 
for  a  localized  state,  whereas  it  remains  nonzero  for  the 
extended  state  when  E  approaches  the  real  axis  in  the 
complex  E  plane.29  From  a  random  perturbation  series 
for  the  self-energy,  they  obtained  the  localization  function 
L(E),  the  numerical  value  of  which  determines  the  nature 
of  the  eigenstate  of  energy  E;  for  L(E)  >  1(<  1)  the  state  is 
an  extended  (a  localized)  one.23  A  generalization  of  their 
result,  which  is  for  a  monatomic  system,  to  our  diatomic 
one  gives  the  localization  function  as  follows: 


L(E) 


'  lira 

M — * 


-I  VM 


0,1 


(5.3) 


The  summation  is  over  all  indices  1,  2,  . . . ,  M ,  with  the 
restrictions  corresponding  to  all  self-avoiding  paths  of  or¬ 
der  Af  starting  and  ending  at  the  site  0.  The  quantity 
(Gaic))?1-1-1  is  defined  by 

ln(W-a-i~1  -  <ln|(^(c,)?-W‘1|).  (5.4) 

is  the  diagonal  element  of  the  Green’s  func¬ 
tion  at  site  i,  which  is  an  anion  (a  cation)  cite,  fur 
Eqs.  (5.2),  where  the  on-site  energies  of  the  sites  0,  1, 
...,  i  -  1  have  been  set  to  infinity.  The  L(E)  given  by 
Eq.  (5.3)  is  complicated  for  practical  calculations,  in 
contrast,  an  estimate  L*(E)  is  found  by  the  following 
approximations28: 

L(E)  =  VK\{qa)\{.gc)\\in 

*  VXKfjftf .)ilw  =»  L*{E) ,  (5.5) 


where  K  is  the  connectivity,29  which  is  evaluated  to  be 
=s  2 .88  for  the  diamond  lattice.  The  second  approxima¬ 
tion,  Eq.  (5.5),  is  replacing  the  Green’s  functions  defined 
in  Eq.  (5.4)  with  those  obtained  by  CPA.'10  Note  that  us¬ 
ing  the  CPA  at  this  step  is  to  estimate  the  Green’*  func¬ 
tion  on  which  L(E)  depends  and  not  to  investigate  the 
analytical  property  of  the  single-particle  Green's  function 
obtained  by  the  CPA. 

We  need  two  independent  fitting  parameters  to  correct 
the  behaviors  of  L*(<jj)  at  the  edges  of  the  branches.  For 
ordered  cases,  i.e.,  x  —  0  or  x  —  1,  L(oj)  is  equal  to  1  ai  the 
edges  and  is  larger  than  (smaller  than)  1  inside  (t, upside) 
the  branches.  Therefore  we  multiply  a  weightinr  func¬ 
tion  w(ojt  x)  to  L*(cjj).  We  use,  as  a  weighting  function, 


w(o),  x) 


A  exp 


[at2  —  z(K/Mc  +  T?)/2]2  J  ,  :  V 

-  j  -r  )  , 

(5.6) 
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where  A  and  A  are  numerical  fitting  parameters  and 
r,  -  (1  -  x)(K/Ma)  +  x(K/Mb). 

The  results  of  calculations  for  K/Mb  =*  2.41  and 


Fig.  14.  Phonon  density  of  states  (DOS)  and  localization  prop¬ 
erty  with  parameters  chosen  to  represent  acoustic,  GaAs-like  and 
AlAs-like  optical  branches  of  Al*Gai.xAs  branches:  (a)  x  -  0 
(solid  curve,  pure  GaAs)  and  x  -  1  (dotted  curve,  pure  AlAs); 
(b)  x  -  0J2;  (c)  x  -  0.5;  (d)  x  -  0.8.  The  hatched  areas  rep¬ 
resent  localized  eigenstates,  and  the  white  areas  the  extended 
eigenstates. 


CD 

Fig.  15..  Phase  diagram  shown  in  the  a#— x  plane.  L,  region  of 
localized  states;  E,  region  of  extended  eigenstates.  The  solid 
curves  form' the  boundaries  between  these  two  regimes.  The 
dashed  curves  represent  the  trajectories  of  phonon  branches 
witliin  the  coherent  potential  approximation.  For  the-atonstic 
branches  the  dashed  curves  and  the  solid  curves  nearly  coincide. 


K/Mc  **  0.43  with  K/Ma  normalized  to  1  are  shown  in 
Fig.  14;  we  have  used  these  numerical  values  to  match  the 
reported  experimental  data  of  two  optical  phonon  spectral 
ranges  of  GaAs  and  AlAs.30,31  Below,  numerical  values 
of  oj  normalized  by  -JK/M'a  are  used.  For  ordered  cases, 
as  shown  in  Fig.  14(a),  the  density  of  states  (DOS)  di¬ 
verges  at  the  upper  edge  of  the  acoustic  branch  and  at  the 
lower  edge  of  the  optical  branch,  which  is  not  typical  be¬ 
havior  for  a  three-dimensional  system.  This  pathological 
feature  is  the  same  as  found  in  fee  lattice  when  the  inter¬ 
actions  are  restricted  only  to  those  with  nearest-neighbor 
sites.32  These  singularities  induce  sharp  peaks  (widths 
of  which  are  ^  0.02  a  5)  of  L*(cj)  at  the  edges,  which  we 
have  neglected  by  interpolating  the  values  of  L*(cj  ±  35). 
In  Figs.  14(b)-  14(d)  the  DOS  calculated  within  the  CPA 
as  well  as  the  localization  properties  determined  by  the 
numerical  value  of  u;(<u,  x)L*(a>)  is  depicted  for  x  =  0.2, 
0.5,  0.8.  The  hatched  areas  represent  the  regions  of  lo¬ 
calized  eigenstates,  and  the  white  areas  the  regions  of 
extended  eigenstates.  We  interpret  the  states  in  the  fre¬ 
quency  range  2.0-2.39  (238-285)  cm-1  as  the  GaAs-like 
optical  phonon  branch  and  the  ones  between  3.1  and 
3.37  (370  and  404)  cm-1  as  the  AlAs-like. optical  phonon 
branch.  As  x  increases,  the  states  of  the  G«As-like  opti¬ 
cal  branch  localize,  because  the  AI  atoms  are  barriers  for 
these  excitations,  whereas  those  of  the  AlAs-like  optical 
branch  localize  as  (1  -  x)  increases.  A  convenient  way  to 
see  the  localization  property  is  furnished  by  Fig.  15.  Re¬ 
stricted  to  the  GaAs-like  branch,  all  phonon  excitations 
localize  beyond  xc  s  0.45;  as  x  increases,  localization  pro¬ 
ceeds  from  the  edges,  and  the  boundaries  between  the  ex¬ 
tended  states  and  the  localized  states  move  inward  until 
they  coalesce  at  x^. 

Variation  of  xu  over  some  ranges  of  the  parameters 
K/Mq  and  K/Mc  is  shown  in  Fig.  16.  Within  such  a 
range  of  input  parameters,  qualitative  behaviors  of  op¬ 
tical  phonon  branches  are  not  different  from  those  of 
Figs.  14  and  15,  although  the  numerical  value  of  xc  varies. 
Xc  is  a  monotonically  decreasing  (increasing)  function  of 
K/Mb  (K/Mc)-  One  can  explain  such  behavior  intu¬ 
itively  when  the  variation  of  gap  size  between  two  optical 
phonon  branches  of  the  pure  materials  is  considered;  the 
gap  size  is  given  as  ( zK/Mb Y72  [z(l  +  K/Mc)]172,  which 
is  monotonically  increasing  (decreasing)  with  respect  to 
K/Mg  (K/Mc)-  As  the  gap  size  increases,  the  probabil¬ 
ity  that  a  GaAs-like  optical  phonon  excitation  can  pene¬ 
trate  the  site  occupied  by  an  AI  ion  gets  smaller  because 
there  is  a  larger  difference  between  the  natural  vibra¬ 
tional  frequencies  of  two  species.  Therefore  GaAs-like 
optical  phonon  excitation  localizes  more  easily,  i.e.,  yields 
smaller  Xc,  at  a  larger  gap  size.  Of  course  a  behavior 
such  that  all  phonons  of  a  branch  localize  as  the  frac¬ 
tion  of  corresponding  material  decreases  is  a  somewhat 
unique  one  specific  for  an  optical  branch.  For  the  acous¬ 
tic  branch  the  excitation  at  sufficiently  small  o)  is  always 
extended  because  the  excitation  at  — ■ ►  0  represents  the 
pure  translation  of  the  whole  system. 

Therefore  there  is  some  nontrivial  x<-  such  that,  when 
x  >  xc,  all  GaAs-like  optical  phonons  are  localized,  jus¬ 
tifying  the  method  of  Parayanthal  and  Poliak23  to  fit  the 
asymmetric  line  shape  of  Raman -active  phonons.  In  con¬ 
trast,  when  x  <  xe,  a  finite  fraction  of  GaAs-like  opti¬ 
cal  phonons  is  extended,  whereas  the  states  near  the 
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edges  of  the  branch  are  localized.  In  the  latter  case  a 
dispersion  relation  of  form  at  -  w(k)  may  be  a  useful 
description  of  the  eigenstates.  However,  the  phrase  dis¬ 
persion  relation  here  should  be  interpreted  in  a  rather 
different  sense  from  that  in  an  ordered  system.  When 
x  is  different  from  0  or  1  there  is  no  true  translation 
symmetric  in  the  alloy.  There  k  is  not  a  good  quantum 
number,  and  the  Fourier  transform  of  an  eigenfunction 
cannot  have  a  perfectly  sharp  spectrum  in  reciprocal 
space.  In  a  disordered  system  the  relation  at  -  w(k) 
should  be  interpreted  as  follows.  An  eigenstate  of  en¬ 
ergy  at  is  a  superposition  of  many  different  Bloch  states 
whose  distribution  P„(k)  is  centered  at  k  but  that  have 
some  finite  linewidth  caused  .by  incoherent  scattering 
from  the  disordered  assembly  of  sites.  This  linewidth  is 
given  as  ~  l/£  when  the  eigenstate  is  localized  within  an 
spatial  extent  f .  Therefore,  in  a  disordered  system,  ex¬ 
istence  of  a  dispersion  relation  does  not  necessarily  im¬ 
ply  that  all  eigenstates  are  extended.  One  can  safely 
use  the  terminology  of  a  dispersion  relation  in  a  quali¬ 
tatively  same  sense  as  in  an  ordered  system  only  when  a 
significant  fraction  of  eigenstates  of  a  given  branch  is  ex¬ 
tended.  We  now  discuss  nonequilibrium  Raman  scatter¬ 
ing  experiments  and  the  coherence  length  of  LO  phonons 

in  AlxGai.*As  alloy.  '  _  ^ 

In  Fig.  17(a)  the  properly  normalized  (to  bulk  GaAs) 
nonequilibrium  hot-phonon  population  of  GaAs-like  LO 
phonons  for  AlIGa1^As  alloy  observed  by  picosecond 
(1.5-70  ps)  and  cw  Raman  scattering  is  shown  as  a  func¬ 
tion  of  x.  The  occupation  numbers  were  normalized  so 
that  the  effects  of  changing  band  gap,  penetration  depths, 
and  number  of  modes  with  z  were  taken  into  account. 
We  took  the  data  under  the  same  irradiation  density, 
using  photon  energies  of  1.9— 2.3  eV.  The  decrease  in 
the  hot-phonon  occupation  number  as  a  function  of  x  can 
be  interpreted  as  the  decrease  in  the  coherence  length. 
Using  these  results,  and  assuming  that  the  Raman-active 
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Fig.  17.  (a)  Normalized  (to  bulk  GaAs  under  the  same  irradi¬ 
ation  density)  hot-phonon  occupation  number  of  GaAs-like  LO 
phonons  as  a  function  of  x.  The  curve  is  an  analytical  fit,  and 
the  dependencies  of  band  gap,  density  of  states  of  GaAs-\ikc 
LO  phonons,  and  penetration  depth  were  properly  corrected, 
(b)  Coherence  length  as  a  function  of  x  deduced  from  the  method, 
described  in  Ref.  22  obtained  from  the  analytical  fit  of  (a). 

phonon  wave  function  is  ip  88  exp(;qo2)exp(— z*/£2)  in 
the  same  way  as  in  Section  4,  we  deduced  the  coherence 
length  -  £  as  a  function  of  x,  as  shown  in  Fig.  17(b). 
In  calculating  the  coherence  length  it  was  assumed  that 
LO  phonons  in  bulk  GaAs  have  an  infinite  coherence 
length.  The  strong  x  dependence  near  x  -  0.3  shown  in 
Fig.  17(b)  is  consistent  with  that  in  Fig.  1G.  It  is  also 
entirely  consistent  with  the  theoretical  results  presented 
in  Figs.  14  and  15. 

In  conclusion,  we  have  found  that  the  question  of 
whether  GaAs-like  optical  phonons  are  spatially  extended 
or  localized  should  be  answered  depending  on  x.  This 
conclusion  was  drawn  from  the  Anderson  localization 
study  of  optical  phonons  in  AljGai^As  and  from  nonequi- 
Ubriuin  Raman  scattering  experiments. 

6.  SUMMARY 

We  have  solved  the  puzzles  of  anomalously  large 
Stokes  and  anti-Stokes  real  space-charge  transfer  in 
GaAs/AlxGa^As  ADQW’s  by  going  beyond  the  mean- 
field  approach  and  by  realizing  the  importance  of  quan¬ 
tum  coupling  and  dephasing  in  coupled  systems.  Ihick 
alloy  barriers  permit  fairly  strong  coupling  ‘between  au- 
iacent  GaAs  layers,  with  the  coupling  strength  strongly 
dependent  on  x  and  on  the  degree  of  inhomogeneity  of  the 
barrier.  Once  we  realize  that  coupling  exists,  the  emis¬ 
sion  "of  blue°shifted  anti-Stokes  iumine^enpe  from  the 
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NW  when  the  WW  i 3  excited  is  understood  as  a  natural 
consequence  of  dephasing  in  coupled  systems. 

In  the  problem  of  spatial  and  dynamical  properties  of 
GaAs  optical  phonons  in  GaAs/Al*Gai.*As  superlattices 
we  developed  a  realistic,  first-principle  dynamical  simu¬ 
lation  model  of  GaAs  optical  phonon  transport  through 
an  Al*Gai.xAs  barrier.  The  results  show  strong  x  depen¬ 
dence  of  the  transmission  coefficient  and  are  in  quali¬ 
tative  agreement  with  nonequilibrium  Raman  scattering 
investigations.  We  developed  an  Anderson  localization 
model  of  phonon  properties  in  Al^Ga^^As.  We  showed 
that  the  localization  properties  strongly  depend  on  x,  thus 
reconciling  an  ongoing  controversy  regarding  the  nature 
of  optical  phonons  in  Al^Ga^As.  These  results  are  also 
in  good  agreement  with  nonequilibrium  Raman  investi¬ 
gations. 

In  both  electronic  and  phonon  coupling  of  two  adjacent 
GaAs  layers  across  the  AljGai.xAs  barrier  there  is  a  non¬ 
trivial  x  dependence  whose  importance  is  not  well  appre¬ 
ciated  in  the  mean- field  approach.  Furthermore,  partial 
ordering  in  the  barrier  is  shown  always  to  increase  the 
coupling  between  electrons  or  phonons  across  the  barrier 
relative  to  that  when  the  arrangement  of  Ga  and  A1  atoms 
is  completely  random. 
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•Air,  As  alloys  and  GaAs/Al,Gai  -,As  quantum  wells  are 
Spatial  and  dynamical  properties  of  optical  phonons  m  AI, Ga^  ^  Jtudy  spatial  properties  of  optical  pho.»„„s  in 

j  •  j  a  n  isotopically  disordered  harmonic  crystal  mo  Ga As  optical  phonons  through  an  Al.vl > a ,  .  aAs 

r,  a“HoSL GaAs/AUGa, ■»»»». »f  fta o,M  J ^  Ga 

irrier  is’studied  wing  three-dimensional  IMOce  ”ocall2ed ao-« Mmdtd  transition  is  found  as  a 'unon..,,  of* 

j  ai  atoms  in  the  alloy  barrier.  In  the  A^Ga^As  aiioy,  phonons  through  the  alloy  hairier 

I^As/AM^at -.As  quantumwcUsahe  ^uUs*are0|n<go^1quadtative<agreemenf with  the  experimentally  deduced 

hM  ph°non  p°pulato _ 


is 


The  approximations  inherent  to  mean  field  theories  of 
alloys always  force  the  state  to  be  infimttd, ^nded  m 
snace  For  this  reason,  although  mean  field  theories  ot 
semiconductor  alloys  and  alloy  superlattices  may  give 
adequate  description  of  many  important  quanta* i  su 
as  band  gaps,  dispersion  curves  and  density  of  stateMh 
issue  of  spatial  extent  or  coherence  length  larg  y 
Sold  In  this  paper,  «e  are  sp«»6ca»,  concerned 
«,th  the  spatial  extent  and  dynamical  transfer  of  ophca 
phonons  in  Al*Gai-*As  alloys  and  GaAs/Al^Ga,  - , 
superlattices  as  a  function  of  x. 


*  Corresponding  author. 


For  optical  phonon  properties  of  Al,Gat  -,As.  wp  con¬ 
structed  a  lattice  dynamical  model  using  the  /uu  blende 
structure  where  the  cations  masses  are  random  vanables, 
taking  the  values  of  either  M,  or  M2  (Mi  <  M ,)  emula¬ 
ting  the  masses  of  AI  and  Ga.  With  the  spring  instant* 
between  atoms  assumed  to  be  constant,  the  musses  ol 
cations  and  anions  are  adjusted  to  reproduce  ,  he  well- 
known  density  of  states  of  the  optical  branches,  as  shown 
in  Fig  1(a).  This  model  is  then  exactly  mapped  lo  the 
Anderson  localization  model  [1]  for  the  eleeu-mic  sys¬ 
tem  By  the  series  method  introduced  by  Lice.a.dello  and 
Economou  [2],  we  can  easily  show  that  for  v  -  0.2.  the 
entire  AlAs  branch  is  localized,  whereas  the  Mams  in  the 
GaAs  branch  are  mostly  extended,  except  lo,  ,he  edge 
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states  (Fig.  1(a)).  When  the  concentration  of  Ai  atoms  is 
increased  to  0.5  (Fig.  1(b)),  the  GaAs  branch  is  localized 
while  most  of  the  AI  branches  are  extended  (Fig.  2(b)). 
The  ^-dependence  of  spatial  characteristics  of  each 
branch  is  shown  in  Fig.  1(c),  where  L(E)  denotes  for  the 
localized  (extended)  states,  showing  well-defined  localiza¬ 
tion  transition  of  the  GaAs  branch  around  x  ^  0.4, 
Results  shown  in  Fig.  1(c)  can  be  used  to  resolve  exist¬ 
ing  controversy  concerning  the  spatial  extent  of  optical 
phonons  in  Al^Ga!  _*As.  Parayanthal  and  Poliak  [3] 
analyzed  the  asymmetric  line  shapes  of  LO  phonons  in 
Al^Ga^As  assuming  localization  length  of  <  100  A. 
Baroni  et  al.  [4]  theoretically  showed  that  well-defined 
dispersion  relationship  exists  in  A^Ga^As  for  all  x’s, 
partially  supported  by  Raman  scattering  experiments  of 
Jusserand  et  al.  [5].  These  two  results  are  somewhat  in 
conflict  because  the  well-defined  dispersion  may  imply 
that  the  states  are  extended  in  space.  Our  picture  shows 
that  whether  a  state  is  extended  or  not  strongly  depends 


tu  (cm  ]) 


Fig.  1.  (a)  Phonon  density  of  states  obtained  by  coherent  poten¬ 
tial  approximation  for  x  =  0.2.  The  shaded  areas  represent  lo¬ 
calized  states  under  the  criterion  of  Ref.  [2].  (b)  Same  as  (a)  for 
*  -  0-5.  (c)  The  phase  diagram  of  localized  (L)  and  extended  (E) 
states. 


on  x ,  and  therefore,  both  of  the  two  seemingly  conflicting 
results  remain  valid  as  two  limiting  cases  whose  validity 
depends  on  whether  x  <  xc  or  .v  >  ,vc  (xQ  ~  0.45). 

To  investigate  the  dynamical  and  spatial  properties  of 
GaAs  optical  phonons  in  GaAs/Al^Ga^yAs  quantum 
wells,  we  have  simulated  the  propagation  of  GaAs  optical 
phonons  in  GaAs/AlxGai_xAs/GaAs  single  barrier 
structure  consisting  of  16  monolayers  of  GaAs  (GaAs  I), 
14  monolayers  of  Al^Ga^As,  and  16  monolayers  of 
GaAs  (GaAs  II)  (inset  of  Fig.  2).  The  spring  constants  are 
assumed  to  be  constant,  and  the  atomic  masses  of  Al  or 
Ga  atoms  are  assigned  randomly  at  the  cation  sites  in  the 
barriers.  The  initial  optical  phonon  wave  is  assumed  to 
be  in  the  GaAs  I  region,  and  the  lattice  dynamics  is 
solved  to  calculate  the  normalized  energy  transmission  at 
the  detection  layer  in  the  GaAs  II  region.  The  results  are 
plotted  in  Fig.  2,  where  the  transmission  coefficient  con¬ 
tinues  to  decrease  until  x  ~  0.3,  and  remains  at  a  small 
value  above  x  -  0.3.  The  analysis  of  the  transmitted 
phonon  wave  function  reveals  that,  for  the  flat  region  of 
x  >  0.3,  the  transmitted  energy  is  mostly  in  the  form  of 
acoustic  waves.  Therefore,  x  ~  0.3  can  be  thought  of  as 
a  transition  alloy  composition,  beyond  which  virtually 
no  optical  phonon  waves  can  transmit  through  the  rela¬ 
tively  thick  barrier.  We  now  discuss  nonequilibrium 
Raman  scattering  experiments  on  A^Ga^As  alloys 
and  GaAs/AlxGa!  _xAs  quantum  wells,  in  connection 
with  our  theoretical  results. 

It  is  well  known  now  that  nonequilibrium  hot  phonon 
population  probed  by  Raman  scattering  can  be,  when 


Fig.  2.  The  transmission  coefficient  from  GaAs  (I)  to  GaAs  (II) 
through  the  14  monolayer  of  AlvGa,  ~xAs  barrier  as  a  function 
of  x. 
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L?  ly  ana'yzed>  a  sensitive  probe  of  the  spatial  extent 

because  theThi 77  L°  Ph°n°nS  [6]‘  This  is  essentially 

the  hot  ?  ,  Phr°n  d'Stnbut,on  curve  generated  by 
the  hot  electron  relaxation  is  a  strong  function  of  the 

Phonon  wave  vector,  and  therefore  to  the  spatial  extent 


Although  the  details  are  given  elsewhere  [6]  once  the  hot 
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GaAs  L80  phonons  for  f 

quantum  wells  observed  by  picosecond  (*1.5-70  ps”)  and" 
cw  Raman  scattering  is  shown  as  a  function  of  v  The 

pho^toiTenergies of  f  9-2*3  *ym^rad‘at*on denstty using 

— ft(°r  30)  Wi‘h  4  =  ia0V0^“Saend\T>b20A 

where  the  hot  phonon  occupation  number  is  largely 
independent  of  L„  but  strongly  dependent  on  x  lnX 

of  th;Pr°PA  rpCOrreCted  h0t  Phonon  occuPadon  number 
of  the  GaAs-like  LO  phonons  for  the  AljL  .  As  Xv 
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etical  results  of  Figs.  1  and  2.  ; 

In  conclusion,  we  have  studied  the  spatial  extent  and 
dynamical  transfer  of  optical  phonons  in  AJ  Ga  a« 
a  Icy  and  GaAs/Al.Ga,  _,As 

an  omica?  7"^' h  *  C,ear  that  Aether  or  not 
should  be  P  VS  $Patially  ,0CaIized  or  “tended 
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Dynamics  of  Photoexcited  Carriers  in  GaN 
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Abstract-lTie  dynamics  of  photoexcited  carriers  in  GaN  were  studied  by  examining  the  radiative  decay 
of  exciton  emissions  using  time-resolved  photoluminescence  spectroscopy.  We  found  that  the  capture 
of  excitons  and  trapping  of  carriers  at  defects  and/or  impurities  through  nonradiative  relaxation 
ominate  the  decay  of  exciton  population,  resulting  in  a  very  short  decay  time  for  both  free-exciton  and 

^  ^  -  -  density ^of  impurities 


1.  INTRODUCTION 

GaN-based  IH-V  nitride  semiconductors 
have  been  extensively  studied  recently  for  their 
potential  electronic  and  optoelectronic  device 
applications.  Superbright  high-efficient  blue 
LED's  based  on  nitride  structures  have  been 
demonstrated  by  the  Nichia  group  and 
others.  [1]  The  observation  of  optically 
pumped  laser  action  in  GaN  with  clear 
resolvable  longitudinal  lasing  modes  over  a 
broad  temperature  range  from  10  to  400  K  has 
been  recently  reported  by  a  few  research 
groups. [2,3]  All  this  progress  has  led  to  much 
more  intense  interest  in  the  development  of 
efficient  nitride  UV- visible  light  emitters. 
Many  aspects  of  device  operation  are  governed 
by  carrier  recombination  and  relaxation 
processes,  and  the  understanding  of  these 
processes  is  of  fundamental  importance  to  the 
development  of  practical  electro-luminescence 
devices. 

In  this  work,  we  report  the  results  of  a 
study  of  the  dynamics  of  photoexcited  carriers 
in  high  quality  GaN  epitaxial  films  and  double 
heterostructures  by  metalorganic  chemical 
vapor  deposition.  The  dynamics  of 
photoexcited  earners  were  investigated  using 
time-resolved  luminescence  spectroscopy  by 


examining  the  time  decay  of  the  intrinsic  free- 
excitons  and  bound-exciton  emissions. 

2.  EXPERIMENTAL 

The  GaN  samples  used  in  this  work  were 
all  grown  by  metalorganic  chemical  vapor 
deposition,  either  on  sapphire  or  on  SiC 
substrates.  Time-resolved  photoluminescence 
spectroscopy  was  performed  using  a 
picosecond  dye  laser  and  a  synchroscan  streak 
camera.  The  dye  laser  with  the  pulse  duration 
of  ~2  ps  was  pumped  by  a  frequency-doubled 
modelocked  Nd:YAG  laser  (82  MHz).  The 
output  wavelengths  were  frequency  doubled 
into  UV  range  using  a  nonlinear  crystal.  The 
luminescence  signals  were  dispersed  by  a  1/4 
M  monochromator  and  detected  by  the  streak 
camera.  The  system  provides  the  capabilities  of 
simultaneously  measuring  photoluminescence 
intensity,  time,  and  wavelength.  The  overall 
time  resolution  of  the  system  is  less  than  15  ps. 

3.  RESULTS  AND  DISCUSSIONS 

Fig.  1  illustrates  the  time  evolution  of  PL 
decay  for  both  free-exciton  and  bound-exciton 
emissions  observed  in  a  GaN  sample.  The 
intrinsic  free-exciton  (FX)  luminescence  lines 


Fig.  1.  Time  evolution  of  spectrally  integrated  PL  for 
both  intrinsic  free-exciton  and  bound-exciton 
emissions.  The  inset  shows  the  well-resolved  time- 
integrated  free-exciton  and  bound-exciton  luminescence 
structures. 

in  these  samples  can  be  spectrally  well 
resolved  from  that  of  excitons  bound  to  neutral 
donors,  as  shown  in  the  inset  in  the  figure. 
That  allows  an  unambiguous  determination  of 
the  PL  decay  time  for  both  intrinsic  free 
excitons  and  neutral-donor  bound  excitons. The 
lifetime  of  the  PL  decay  at  10  K  was  found  to 
be  typically  about  30-35  ps  for  free  excitons 
and  40-55  ps  for  bound  excitons,  varying  from 
sample  to  sample  used  in  this  work.  The 
measured  decay  time  is  much  shorter  than  the 
value  estimated  by  theoretical  considerations 
regarding  the  radiative  lifetime  of  an  excited 
state  in  a  semiconductor,  where  the  radiative 
lifetime  of  bound  excitons  in  GaN  is  expected 
to  be  on  the  order  of  several  hundreds  of 
picoseconds  and  that  of  free  excitons  in  the 
nanosecond  domain.  [4] 

The  discrepancy  between  the  measured 
values  of  PL  decay  times  and  the  theoretical 
estimated  ones  can  be  attributed  to  nonradiative 
relaxation  processes  in  competition  with  the 
radiative  channel.  The  measured  PL  decay  time 
only  yields  an  effective  lifetime  (teff)  for  free 


excitons  and  bound  excitons.  It  is  related  to 
both  the  radiative  (tr)  and  nonradiative  (tnr) 
lifetimes  with  the  decay  rate  expressed  as 

^Teff~  (1) 

In  this  equation,  we  have  assumed  that  the 
nonradiative  decay  is  exponential,  so  that  a 
lifetime  can  be  defined,  and  the  carriers  in  the 
levels  which  undergo  recombination  are  at 
thermal  equilibrium.  When  the  nonradiative 
decay  rate  is  larger,  the  measured  decay  time 
is  characteristic  for  the  nonradiative  processes 
in  accordance  with  Eq.(l).  This  situation  is 
typical  for  recombination  from  intrinsic  states 
of  semiconductors.  [6]  The  nonradiative 
processes,  such  as  multiphonon  emission, 
capture  by  deep  centers,  Auger  effect,  etc.] 
give  rise  to  fast  relaxation  of  the  excited 
carriers  down  to  lower  states  from  which  they 
decay  radiatively  or  relax  nonradiatively.  As  a 
result,  the  measured  PL  decay  time  for  a  given 
excited  state  is  an  effective  lifetime  and  usually 
much  shorter  than  a  radiative  one.  The  slow 
rise  of  bound-exciton  luminescence  intensity 
compared  to  that  of  the  free-exciton  PL  shown 
iti  Fig.  1  is  an  indicator  of  such  nonradiative 
relaxation  processes  for  free  excitons  arriving 
at  the  bound  exciton  energy.  Therefore,  the 
capture  of  excitons  and  trapping  of  carriers  by 
such  nonradiative  centers  at  defects  and 
impurities  must  play  a  major  role  in  the 
recombination  processes  responsible  for  the 
exciton  population  decay  in  the  GaN  samples 
studied  in  this  work.  In  fact,  the  measured  PL 
decay  time  was  found  to  be  directly  related  to 
the  intensity  of  broadband  emissions  lying  in 
the  GaN  band  gap.  The  broad  emission 
structure  referred  to  as  yellow  emission  in  the 
literature  is  believed  to  be  associated  with  the 
optical  transitions  between  the  energy  levels 
involving  impurity  and/or  defect  states.  The 
intensity  of  yellow  emission  is  proportional  to 
the  density  of  some  particular  defects  or 
impurities  present  in  samples.  We  found  that 
the  stronger  the  yellow  emission,  the  shorter 
the  PL  decay  time  in  a  GaN  sample.  Fig.2 
compares  free-exciton  PL  decay  between  two 
samples  with  the  relative  intensity  ratio  of 
100:1  for  the  yellow  emission  under  identical 


Time  (ps) 


Fig.  2.  Comparison  of  the  time  decay  of  ffee-exciton 
emission  between  two  GaN  epilayer  samples  on 
sapphire  substrates  with  the  relative  intensity  ratio  of 
100:1  for  the  broadband  yellow  emission  under  the 
same  excitation  conditions, 

excitation  conditions.  The  deduced  lifetime  of 
free-exciton  emission  in  the  sample  with 
stronger  yellow  emission  is  only  15  ps  (which 
is  the  limit  of  our  instrumental  resolution). 
Therefore,  the  fast  decay  behavior  of  the 
intensity  indicates  that  the  capture  of  excitons 
and  trapping  of  carriers  at  defects  and 
impurities  through  nonradiative  combinations 
dominate  the  decay  of  exciton  population.  The 
process  of  capture  therefore  must  depend  on 
the  density  of  defects  and  impurities  in  the 
GaN  samples. 

The  influence  of  nonradiative 
recomb mation  on  the  measured  decay  time  of 
exciton  luminescence  can  be  further  manifested 
by  the  effects  of  sample  temperature.  It  is 
known  that  for  a  radiative  recombination 
dominant  system,  an  increase  in  the  radiative 
lifetime  with  temperature  is  expected  for  the 
free  excitons  [5, 7]  since  their  average  kinetic 
energy  is  increased.  The  thermal  redistribution 
results  in  a  decreasing  number  of  the  excitons 
close  enough  to  the  Brillouin-zone  center  for 
radiative  recombination.  Also  the  lifetime  is 
expected  to  be  independent  of  temperature  for 
bound  excitons,  and  only  the  emission  intensity 
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Fig.  3.  The  measured  PL  decay  times  of  the  free 
exciton  and  bound  exciton  in  a  GaN  sampleas  a  function 
of  temperature. 

is  expected  to  decrease  because  of  thermal 
ionization  of  the  bound  excitons.  However,  the 
bound-exciton  PL  decay  time  was  found  to 
decrease  with  increasing  temperature  before 
the  emission  thermally  quenched,  and  the  free- 
exciton  PL  decay  time  measured  from  the 
majority  of  samples  used  in  this  work  exhibited 
a  slow  decrease  with  temperature,  as  shown  in 
Fig.  3.  Although  recombination  from  excitons 
bound  to  extrinsic  states  such  as  defects  or 
impurities  can  often  be  very  efficient  at  low 
temperatures  as  demonstrated  by  the  inset  of 
Fig.  1,  the  measured  decay  time  is  still 
determined  by  detailed  decay  kinetics.  The 
observed  decrease  of  PL  decay  timp  with 
temperature  for  the  bound  excitons  in  the  GaN 
samples  indicates  that  incremental  stronger 
nonradiative  relaxations  occur  as  the 
temperature  increases  resulting  in  continued 
faster  decay  of  the  exciton  population.  The 
decrease  of  free-exciton  PL  in  both  intensity 
and  decay  time  with  temperature  suggests  that 
the  nonradiative  processes  of  capmre  of  free 
excitons  at  defects  or  impurities  prevail  in  the 
competition  with  the  thermally  enhanced 
exciton-exciton  and  exciton-phonon  scatterings. 

We  have  also  studied  the  time  decay  of 


exciton  luminescence  in  GaN/AlGaN  double 
heterostructures  (DHS).  Fig.  4  shows  the  time 
evolution  of  bound-exciton  emission  observed 
in  a  GaN/AlGaN  DHS  sample  compared  with 
that  in  a  GaN  epitaxial  film.  Both  samples 
were  deposited  on  SiC  substrates  under  the 
identical  growth  conditions  except  that  the  DH 
structure  was  grown  on  one  of  them.  The  A1 
concentration  of  the  AlGaN  cladding  layers  is 
about  7%.  As  shown  in  the  figure,  the 
measured  decay  time 'for  the  bound  exciton 
emission  in  the  DHS  sample  was  found  to  be 
(  -74  ps)  twice  longer  than  that  in  the  bulk¬ 
like  GaN  (  —  37  ps).  It  is  known  that  in  a 
strained  heterostructure  system  such  as 
AlGaN/GaN,  the  built-in  strain  within  the 
uniform  elastic  limit  can  significantly  reduce 
die  density  of  defects  such  as  dislocations.  The 
mcrease  in  the  exciton  PL  decay  time  observed 
in  the  DHS  sample  implies  that  the  AlGaN 
cladding  layers  with  a  small  mole  fraction 
could  be  relatively  effective  in  reducing  the 
density  of  dislocations  in  the  GaN  active  layer. 

In  addition,  the  deposition  of  cladding  layer  on 
the  top  of  GaN  active  layer  could  have 


Fig.  4.  Comparison  of  PL  decay  of  bound  exci, 
emissions  m  a  GaN  DHS  and  an  epilayer  sample.  Tin 

eXCHOn  Iuminescence  spectrum  associai 
wub  GaN  active  layer  taken  from  a  DHS  sample 
shown  in  the  inset.  * 


passivated  the  surface  states  resulting  in  a 
reduction  of  the  nonradiative  recombination 
velocity  of  the  photoexcited  carriers  on  the 
are  surface  and  in  its  vicinity.  Nevertheless 
this  is  an  issue  requiring  further  study. 

4.  CONCLUSIONS 

Time-resolved  luminescence  spectroscopy 
has  been  performed  to  study  the  exciton 
radiative  decay  in  GaN  epifilms  and  double 
heterostructures  grown  by  MOCVD.  The 
decay  time  for  both  free-exciton  and  bound- 
exciton  emissions  was  found  to  be  quite  short 
in  the  order  of  a  few  tens  of  picoseconds  The 
results  suggest  that  the  lifetime  of  excitons  in 
the  GaN  samples  is  governed  by  nonradiative 
recombination.  The  capture  of  excitons  and 
trapping  of  carriers  at  defects  and/or  impurities 
trough  nonradiative  relaxation  processes 
dominate  the  decay  of  exciton  population.  The 
capture  process  depends  on  the  density  of 
impurities  and  defects  in  the  GaN  samples  The 
longer  time  decay  of  exciton  emissions 
observed  in  GaN  double  heterostructures 
suggests  that  the  deposition  of  AlGaN  cladding 
layers  over  the  GaN  active  layer  reduces  the 
density  of  the  nonradiative  recombination 
centers  and  results  in  an  increase  of  the 
exciton  population  decay  time. 
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A  set  of  (5-GaNyAs^/GaAs  strained-layer  superlattices  grown  on  GaAs  (001)  substrates  by 
electron  cyclotron  resonance  (ECR)  microwave  plasma-assisted  molecular  beam  epitaxy  (MBE) 
was  characterized  by  ex  situ  high  resolution  X-ray  diffraction  (HRXRD)  to  determine  nitrogen 
content  y  in  the  nitrided  GaAs  monolayers  as  a  function  of  growth  temperature  T.  A  first  order 
kinetic  model  is  introduced  to  quantitatively  explain  this  y(T)  dependence  in  terms  of  an 
energetically  favorable  N  for  As  anion  exchange  and  thermally  activated  N-surface  desorption  and 
surface  segregation  processes.  The  nitrogen  surface  segregation  process,  with  an  estimated 
activation  energy  Es~ 0.9  eV  appears  to  be  significant  during  the  GaAs  overgrowth  of 
GaN7Ast_y  layers,  and  is  shown  to  be  responsible  for  strong  y(T)  dependence.  ©  1996  American 
Vacuum  Society . 


I.  INTRODUCTION 

In  the  past  few  years  we  have  seen  a  flurry  of  activity  in 
the  development  of  visible  light  emitters  based  on  wide  band 
gap  refractory  semiconductor  GaN,  related  alloys,  and 
heterostructures.1"4  Most  of  the  research  was  concentrated 
on  epitaxial  growth  techniques  of  nitrides,5  and  growth  of 
device  structures  (LEDs  and  lasers)  on  various  substrates,6 
while  comparatively  little  work  was  done  on  other  materials 
of  potential  technological  applications,  such  as  mixed  anion 
nitride/arsenide  system.7"9  Although  limited  by  a  small 
solubility,10  even  small  amounts  of  N  in  GaAs  can  cause 
unexpected  band  gap  bowing  to  infrared,10,11  while  the  small 
amounts  of  As  in  GaN  can  substantially  increase  valence 
band  spin-orbital  splitting  which  can  significandy  influence 
operation  of  the  active  layer  in  the  laser  structure  due  to  the 
higher  recombination  rate.12  One  of  the  main  difficulties  in 
growing  such  nitride/arsenide  structure,  for  example,  in  the 
electron  cyclotron  resonance  plasma-assisted  molecular 
beam  epitaxy  (ECR-MBE),  is  controlling  the  structural  and 
chemical  properties  of  the  interface,  which  is  only  possible  if 
important  microscopic  growth  processes  are  fully  under¬ 
stood.  We  have  recently  shown7,8  that  it  is  possible  to  pro¬ 
duce  high  quality,  fully  commensurate  GaN^As^/GaAs 
strained-layer  superlattices  (SLS),  grown  on  the  GaAs  sub¬ 
strate.  Initial  high  resolution  X-ray  diffraction  (HRXRD)  and 
reflection  high  energy  electron  diffraction  (RHEED)  mea¬ 
surements  done  on  such  structures  revealed  existence  of  sev¬ 
eral  distinct  thermally  activated  processes,  but  limited  by  an 
unavailability  of  a  suitable  quantitative  model  against  which 
these  separate  experimental  observations  could  be  tested 
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consistently,  only  semi-quantitative  considerations  of  kinet¬ 
ics  and  tentative  identification  of  processes  have  been  pos¬ 
sible  to  date.8 

In  this  article,  we  introduce  a  quantitative  model,  based 
on  the  first  order  kinetic  theory,  to  examine  the  initial  nitri- 
dation  (surface  N  for  As  exchange),  N  surface  desorption, 
and  N  surface  segregation  processes,  observed  in  ECR-MBE 
grown  GaN^Asi  _y/GaAs  heterostructures,  characterized  by 
ex  situ  HRXRD.  Through  application  of  our  model  to  an 
unusually  strong  growth  temperature  dependence  of  y,  ob¬ 
tained  from  X-ray  experiments,  the  existence  of  a  thermally 
activated  N  surface  segregation  mechanism  is  conclusively 
established  and  quantitatively  confirmed.  Although  previ¬ 
ously  suggested,8  the  thermally  activated  N  surface  segrega¬ 
tion  mechanism  could  not  be  conclusively  established  with¬ 
out  adequate  analytical  model,  which  is  necessary  to  describe 
the  concurrent,  thermally  activated  N  surface  desorption  and 
segregation  processes.  Activation  energies  of  both  surface 
segregation  and  desorption  processes  are  numerically  esti¬ 
mated,  and  the  impact  of  the  compositional-profile  smearing 
of  N,  due  to  the  strong  N  surface  segregation  effect,  to  GaN/ 
GaAs  heteroepitaxy  and  interface  quality  is  analyzed  and  dis¬ 
cussed. 

II.  EXPERIMENTAL  DETAILS 

A  set  of  36-period  “^-GaN^As^/GaAs”  superlattices, 
with  a  superlattice  period  consisting  of  one  GaN^As^ 
monolayer  (ML)  and  75  GaAs  monolayers,  was  grown 
on  a  GaAs  (100)  substrate  as  a  function  of  temperature 
(540-580  °C)  in  an  ECR-MBE  system.  GaNyAS]_y  mono- 
layers  were  produced  through  brief  (4  s)  N2  plasma  exposure 
(nitridation)  of  an  As-stabilized  GaAs  surface.  Nitridation 
was  immediately  followed  by  GaAs  overgrowth  at  a  fixed 
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Fig.  1.  HRXRD  around  (004)  substrate  reflections  for  S-GaN^As,^ 
/GaAs  superlattices.  Results  indicate  strong  dependence  of  the  rocking 
curves  profiles  on  growth  temperature. 


growth  rate  (0.75  ML/s)  for  100  s.  The  surface  of  GaAs  is 
then  As-stabilized  through  exposing  to  As2  flux  for  only  30  s 
(As-soak).  In  addition,  one  superlattice  was  grown  with  6  s 
nitridation  at  550  °C.  Further  details  about  growth  system 
and  procedures  can  be  found  elsewhere.7,8 

To  determine  strain  and  concentration  profile,  the  entire 
sample  set  is  then  characterized  by  ex  situ  HRXRD,  with  the 
use  of  Philips  Materials  Research  Diffractometer  (MRD). 
The  standard  co/2  0  scans  are  performed  in  the  4-crystal  mode 
using  Ge  (220)  reflections,  around  the  substrate  (004)  reflec¬ 
tions,  while  the  reciprocal  space  scans  (area  scans)  around 
the  (115)  reflections  are  done  in  the  same  mode,  with  addi¬ 
tional  use  of  a  Bonse-Hart  collimator  in  front  of  the  detector. 
The  area  scans  confirmed  that  all  samples  are  coherently 
strained.  The  resultant  co/20  rocking  curves  for  4  s  nitrida- 
tions  SLS  are  presented  on  Fig.  1  (550  °C  and  570  °C  scans 
have  been  omitted  for  clarity).  Results  reveal  a  strong  depen¬ 
dence  on  growth  temperature  T  of  the  epitaxial  structure, 
indicating  a  presence  of  thermally  activated  microscopic  pro¬ 
cesses.  Two-dimensional  equivalent  alloy  compositions  ( y ) 
are  determined  from  peak  positions,  and  are  confirmed 
through  dynamical  simulations  using  Philips  High  Resolu¬ 
tion  Simulation  (HRS)  software  package.  The  agreement 
typically  obtained  between  experimental  rocking  curve  and 
simulation  is  presented  on  Fig.  2  on  the  example  of  the  su¬ 
perlattice  grown  on  550  °C.  Figure  3  shows  an  Arhennius 
plot  of  the  resultant  compositional  dependence  on  growth 
temperature,  y{T)>  for  4  s  (circles)  and  6  s  (diamond)  nitri- 
dations,  including  experimental  uncertainties  in  temperature, 
which  represent  measured  variation  over  a  given  wafer  (i.e., 
temperature  nonuniformity)  due  to  unintended  differences  in 
sample  mounting.  Although  not  included  in  the  plot,  the  ab¬ 
solute  errors  associated  with  GaN  composition  can  be  esti¬ 


Fig.  2.  Typical  agreement  between  experimental  rocking  curve  and  HRS 
siumulated  rocking  curve. 


mated  to  ±0.5%.  These  errors  are  a  result  of  a  Vegard’s  law 
approximation  and  uncertainties  in  numerical  values  of  elas¬ 
tic  properties  of  the  GaN^As^  layer. 

These  results  suggest  existence  of  two  regimes:  (z)  dose- 
limited  at  low  temperatures;  (zz)  kinetically  limited  at  high 


Fig.  3.  Growth-kinetics  models  to  explain  the  strong  y(T)  dependence  ob¬ 
served  for  ECR-MBE  grown  ^-GaN^As^/GaAs  strained -layer  superlat¬ 
tices.  Experimental  data  points  are  obtained  through  HRXRD  measurements 
for  4  s  (circles)  and  6  s  (diamond)  nitridations.  The  dashed  curve  represents 
the  model  neglecting  N  surface  segregation  [Eq.  (2)],  while  the  solid  curve 
represents  the  model  including  segregation  effects  [Eq.  (8)]. 
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temperatures,  with  unexpectedly  strong  fall-off  in  y  with  in¬ 
creasing  growth  temperature. 

III.  KINETICAL  MODELING 

For  the  purpose  of  understanding  the  physical  origin  of 
this  y(T)  dependence,  we  have  developed  a  first  order  ki¬ 
netic  model  which  explicitly  incorporates  three  phases  of  our 
particular  SLS  growth  sequence:  (i)  nitridation;  (ii)  over¬ 
growth,  and  (iii)  As-soak,  as  described  in  Sec.  II. 

A.  Nitridation 

The  net  rate  of  surface  nitridation  is  determined  by  two 
physical  processes  which  have  been  previously  identified:  (i) 
N-for-As  surface  anion  exchange  (N  gain),  and  (ii)  surface  N 
desorption  (N  loss).  These  processes  can  be  analyticaiy  mod¬ 
eled,  in  the  first  order  in  N  surface  compostion  y  as 

dy  y 

ft=s®(l-y)--.  (!) 

The  first  term  on  the  right  hand  side  of  Eq.  (1)  corresponds  to 
the  N  gain  on  the  As-stabilized  GaAs  surface  due  to  the 
energetically  favorable  anion  exchange.  This  process  is  mod¬ 
eled  as  being  proportional,  in  the  first  order,  to  the  flux  of 
incident  physically  activated  N;  to  the  fraction  of  available 
As  surface  sites  to  be  exchanged  with  N,  and  to  an  overall 
efficiency  factor  s  (units  of  area),  which  in  general  might 
depend  on  surface  chemistry,  strain,  and  temperature,  but  is 
approximated  as  constant  over  the  temperature  and  compo¬ 
sition  range  of  interest,  for  the  purpose  of  our  simplified 
model.  The  second  term  in  this  equation,  - ylrd ,  represents 
the  N  loss  due  to  surface  desorption.  It  can  be  simply  mod¬ 
eled  in  terms  of  thermally  activated  rate  constant 
Td  1  =  Tod  exp (—EdIkT),  with  activation  energy  Ed.  Such  a 
process  has  been  directly  observed  in  our  RHEED  measure¬ 
ments  of  nitrided  GaAs  surfaces,  and  estimates  for  Ed  (~2.1 
eV)  have  been  previously  reported.7,8 

If  we  define  an  “effective  dosing  rate”  l>,  the  solu¬ 
tion  to  Eq.  (1)  for  an  initially  N-free  (As-stabilized)  surface 
can  be  written  as 

y  ( 1  exp) = ss[  1  -  exp( -rexp/r)],  (2) 

where  yss=rr,  r=(rd  l  +  r)~\  and  fexp  is  the  nitrogen 
plasma  exposure  time.  If  Eq.  (2)  is  considered  in  the  limit  of 
low  temperatures  so  that  desorption  rate  r^1  is  negligible, 
then  y— *•  1  would  be  obtained.  This  reflects  the  assumption 
that  As  atoms  from  the  As-enriched  (100)  GaAs  surface, 
when  exposed  to  N  plasma,  will  be  completely  exchanged 
for  N  atoms  in  the  steady  state,  since  N  terminated  surface 
has  lower  surface  free  energy,  due  to  a  much  stronger  Ga-N 
than  Ga-As  bond  (heats  of  formation  6.81  eV  and  5.55  eV, 
respectively13).  Although  the  essential  nitridation  kinetics  is 
well  described  by  Eq.  (2)  without  unnecessary  mathematical 
complexity,  it  ignores  the  subsequent  stages  of  growth  of  our 
superlattices,  and  therefore  cannot  be  used  to  model  directly 
our  experimental  results.  This  can  be  seen  in  Fig.  3,  where 
the  dashed  curve  represents  the  plot  of  Eq.  (2)  taking 
rex p=4  s  and  using  our  RHEED  based  experimental  desorp- 
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tion  parameters,  £f/=2.l  eV  and  rf/=7  s  at  592  °C.7>8  In 
addition,  the  dosing  rate  /•  is  estimated  to  be  approximately 
0.1  Hz  from  experimental  values  ofy  at  550  °C  for  4  s  and  6 
s  nitridations,  such  that  Eq.  (2)  describes  properly  the  dose- 
limited  (low  temperature)  regime  of  growth. 


B.  GaAs  overgrowth— N  segregation 

Inspection  of  Fig.  3  clearly  reveals  that  the  processes  of 
anion  exchange  and  N  surface  desorption  alone  result  in  the 
weak  fall-off  of  the  model  (dashed)  curve,  and  thus  cannot 
account  for  the  strong  y(T)  dependence  in  the  kinetically 
limited  growth  regime.  Also,  even  N  surface  desorption  dur¬ 
ing  the  short  monolayer  deposition  time  (rML)  required  to 
bury  (and  freeze-in)  the  nitrided  GaNvAs,_v  layer  cannot 
result  in  significant  N  loss.  To  overcome  this,  we  hypothesize 
that  thermally  activated  N  surface  segregation  process,  de¬ 
scribed  with  the  rate  constant  t~ '  =  r0~ 1  exp (~Es/kT),  is  oc¬ 
curring  concurrently  with  N  desorption,  during  GaAs 
overgrowth.8  This  assumption  is  supported  qualitatively  by 
our  experimental  observation  that  GaN-related  (3X3)  sur¬ 
face  reconstruction  proceeds  faster  to  GaAs  (2X4)  recon¬ 
struction  at  a  lower  substrate  temperature  during  GaAs  over¬ 
growth,  which  is  consistent  with  freeze-out  of  a  thermally 
activated  N  segregation  process. 

Let  us  assume  that  (1)  segregation  occurs  from  the  first 
subsurface  layer  upward  to  the  current  surface  layer;  (2)  de¬ 
sorption  occurs  from  all  currently  exposed  surfaces,  i.e.,  the 
current  growth  surface  and  the  current  partially  exposed  first 
sub-surface  layers;  and-  (3)  the  segregation  and  desorption 
processes  are  statistically  independent,  and  are  occurring 
concurrently.  Also,  let  Sn  represent  a  relative  GaN  mole  frac¬ 
tion  in  monolayer  n,  where  by  definition  the  content  of  the 
nitrided  layer  at  the  end  of  nitridation  process  is  normalized 
to  unity,  S0(t  =  0)  =  1.  Under  these  assumptions,  we  can  re¬ 
late  the  N  content  of  monolayers  n  and  n  + 1  through 

T~  * 

^+i(Q)  =  [^(Q)-5n(rML)]-zV;  (3) 

Equation  (3)  describes  the  fraction  of  lost  N 
[S«(0)-S„(rML)],  which  segregates  rather  then  desorbs, 
and  becomes  the  nitrogen  content  of  the  next  surface  layer. 
Since  layer  n  loses  its  N  content  due  to  both  N  desorption 
and  segregation,  during  the  time  interval  0^r^rML,  Sn(t) 
decays  exponentially  as  exp(-r/rjj),  where  rj"1 
25  (ts  +  rdl)‘  Using  this  expression  in  Eq.  (3)  leads  us  to 

■5«+i(0)  =  5n(0)[  1 -exp(-r ML/  tj)]— ,  (4) 

TtOt 

where  rlot=  rs 4-  rd .  It  is  obvious  from  Eq.  (4)  that  S„(0) 
represents  geometrical  progression.  Now,  similarly  to  Eq.  (3) 
we  can  define  8n  as  the  amount  of  initial  material  lost 
through  desorption  from  layer  n : 

^„  =  [5n(0)-5n(rML)]— •  (5) 

riot 
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Therefore,  the  total  loss  of  N  from  one  superiattice  period 
during  overgrowth  would  be 

<«> 

which  is  simply  a  sum  of  a  geometric  progression.  Finally, 
the  total  amount  of  the  original  GaN  content  retained  within 
one  period  of  a  superiattice  is  R=  1  -I,  or  straightforwardly 

n__  TtOt 

rd+  rse*ML/ 1 * 

It  is  important  to  note  that  the  expression  for  i?  given  in  Eq. 
(7)  gives  the  correct  limiting  behaviour  in  describing  the  loss 
of  N  during  the  GaAs  overgrowth,  in  the  limits  of  no  segre¬ 
gation,  or  no  desorption.  If  there  is  desorption,  but  no  segre¬ 
gation,  then  the  only  opportunity  for  N  loss  would  be  before 
nitrided  layer  is  completely  buried  in  GaAs;  i.e., 
i?  =  exp(-rML/rrf),  which  is  obtained  directly  from  Eq.  (7) 
in  the  limit  ts~* «.  Similarly,  if  there  is  segregation,  but  no 
desorption,  then  R  must  be  unity,  since  the  only  possible 
mechanism  for  N  loss  is  desorption  process.  In  that  case, 
where  rd-> «,  one  would  obtain  R-+1,  as  it  should  be. 
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MBE  techniques  which  have  been  succesfully  used  in  the 
problem  of  dopant-profile  smearing  in  MBE-grown  Si.15 
Also,  the  cross-sectional  STM  as  a  direct  imaging  technique 
might  provide  another  way  to  determine  Es ,  since  our  model 
predicts  distribution  of  nitrogen  in  the  superiattice  period 
(■^(O)),  as  a  function  of  N  surface  activation  energy  E,  and 
growth  temperature  T. 

V.  SUMMARY 

In  conclusion,  a  simple,  but  plausible  kinetic  model  have 
been  developed  to  conclusively  establish  and  quantitatively 
explain  some  of  the  microscopic  processes  observed  in  ECR- 
MBE  grown  S-  GaN^As^/GaAs  strained  layer  superlat¬ 
tices.  Particularly,  the  strong  y(T )  dependence,  obtained 
through  ex  situ  HRXRD  of  our  superlattices,  is  fully  under¬ 
stood  in  terms  of  energetically  favorable  surface  anion  ex¬ 
change  and  combined,  thermally  activated  N  surface- 
segregation/surface-desorption.  Finally,  our  model  predicts 
for  the  first  rime  numerical  estimates  of  the  kinetic  param¬ 
eters  associated  with  N  surface-segregation  process,  which 
appears  to  be  significant  under  typical  GaN/GaAs  ECR-MBE 
growth  conditions. 


IV.  RESULTS  AND  DISCUSSION 


Using  the  “segregation  correction  factor”  from  Eq.  (7),  it 
is  clear  that  in  order  to  consistently  incorporate  N  surface 
segregation  into  our  model,  Eq.  (2)  must  be  replaced  by 


y  ( ^cxp)  7ss[  1  exP(  ^exp^7")]* 


rtot 


(8) 


Thus,  Eq.  (8)  represents  the  final  result  of  our  model  and 
quantitatively  describes  the  growth  sequence  (nitridation/ 
overgrowth/soak)  of  our  <5-GaNyASl  _/3aAs  superlattices, 
taking  into  account  microscopic  processes  of  anion  ex¬ 
change,  desorption,  and  segregation,  and  is  plotted  as  the 
solid  curve  in  Fig.  3.  This  curve  is  calculated  using  identical 
dosing  (r)  and  desorption  ( Ed  and  T0d)  parameter  values 
which  were  used  in  Eq.  (2)  to  obtain  the  dashed  curve,  while 
adjusting  at  the  same  time  two  segregation  parameters,  Es 
and  t0s  .  Nonlinear  least-squares  fit  to  the  experimental  data 
points  for  4  s  nitridations  finally  results  in  the  estimate  for  N 
surface  segregation  energy  equal  to  0.9  eV±30%.  Obviously, 
from  Fig.  3,  it  is  seen  that  with  the  corrected  Eq.  (8)  very 
good  agreement  with  experimental  data  is  obtained,  which 
confirms  our  N  surface  segregation  hypothesis. 

Additionally,  the  compositional-profile  smearing  of  N 
along  the  growth  direction  would  be  expected  as  a  natural 
consequence  of  the  segregation  process,  which  is  confirmed 
in  preliminary  cross  sectional  scanning  tunneling  microscopy 
(STM)  images  of  one  of  our  superlattices.14  Unfortunately, 
such  profile  smearing  effects  would  tend  to  limit  the  abrupt¬ 
ness  of  the  GaN/GaAs  interface.  However,  it  is  possible  that 
smearing  effects  might  be  controlled  through  some  of  the 
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We  have  investigated  the  atomic-scale  structure  and  .electronic  properties  of  GaN/GaAs 
superlattices  produced  by  nitridation  of  a  molecular  beam  epitaxially  grown  GaAs  surface.  Using 
cross-sectional  scanning  tunneling  microscopy  (STM)  and  spectroscopy,  we  show  that  the  nitrided 
layers  are  laterally  inhomogeneous,  consisting  of  groups  of  atomic-scale  defects  and  larger  clusters. 

Analysis  of  x-ray  diffraction  data  in  terms  of  fractional  area  of  clusters  (determined  by  STM),  . 
reveals  a  cluster  lattice  constant  similar  to  bulk  GaN.  In  addition,  tunneling  spectroscopy  on  the 
defects  indicates  a  conduction  band  state  associated  with  an  acceptor  level  of  NAs  in  GaAs. 

Therefore,  we  identify  the  clusters  and  defects  as  nearly  pure  GaN  and  NAs,  respectively.  Together, 
the  results  reveal  phase  segregation  in  these  arsenide/nitride  structures,  in  agreement  with  the  large 
miscibility  gap  predicted  for  GaAsN.  ©  1996  American  Institute  of  Physics . 

[S0003-695 1(96)00 150-7] 


Nitride-based  III-V  compound  semiconductor  hetero- 
structures  are  promising  for  optoelectronic  devices,  such  as 
blue  light-emitting  diodes1  and  lasers.2  In  principle,  mixed 
anion  nitride/arsenide  alloys  would  enable  the  fabrication  of 
light  emitters  operating  in  the  entire  visible  spectrum.  How¬ 
ever,  for  the  GaAsN  system,  calculations  predict  a  limited 
miscibility  of  N  in  GaAs,3  and  experiments  have  presented 
conflicting  results  concerning  the  formation  of  GaAsN 
alloys.  Apparently,  thick  layers  (>0.5  pm)  of  dilute 
GaAst_rNr  (. x ^  0.03)  alloys  have  been  produced  by  nitride 
growth,4,5  and  attempts  to  increase  the  nitrogen  composition 
in  the  alloy  using  GaAs  surface  nitridation  resulted  in  GaAs/ 
GaN/GaAs  thin-layer  structures6  and  GaAs(  _rNr/GaAs  su¬ 
perlattices  (0.04^^^ 0.33).7’8  The  identification  of  the 
nitride/arsenide  structures  as  binary  or  ternary  alloys  has  re¬ 
lied  upon  x-ray  diffraction  (XRD),  which  has  spatial  resolu¬ 
tion  of  hundreds  of  microns  and  averages  over  many  surface 
layers  parallel  to  the  interfaces.  Thus,  standard  interpreta¬ 
tions  may  lead  to  misleading  results  in  terms  of  ternary  alloy 
formation  if  the  structures  are  not  continuous  films  of  homo¬ 
geneous  material.  Therefore,  a  detailed  study  of  the  atomic- 
scale  structure  and  electronic  properties  at  nitride/arsenide 
interfaces  is  essential  for  the  understanding  of  alloy  forma¬ 
tion  in  this  materials  system. 

In  this  letter,  we  present  cross-sectional  scanning  tunnel¬ 
ing  microscopy  (STM)  and  spectroscopy  investigations  of 
GaN/GaAs  superlattices  produced  by  nitridation  of  a  mo¬ 
lecular  beam  epitaxially  grown  GaAs  surface.  Our  cross- 
sectional  studies  indicate  that  the  nitrided  layers  are  not  con¬ 
tinuous  films,  but  consist  of  regions  with  sparse  N  content 
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and  larger  clusters.  Analysis  of  x-ray  diffraction  data  in 
terms  of  fractional  area  of  clusters  reveals  a  cluster  lattice 
constant  similar  to  bulk  GaN,  indicating  that  the  nitrided 
regions  consist  of  nearly  pure  GaN.  Spectroscopic  studies  on 
the  atomic-scale  defects  reveal  a  state  in  the  conduction  band 
associated  with  an  acceptor  level  of  NAs  in  GaAs,  which 
allows  us  to  identify  the  defects  as  NAs .  The  observed  lateral 
inhomogeneity  and  lack  of  ternary  alloy  formation  indicate 
that  phase  segregation  has  occurred,  in  agreement  with  the 
prediction  of  a  large  miscibility  gap  in  the  GaAsN  system.3 
In  addition,  spectroscopy  on  the  clusters  reveals  band  gap 
narrowing  which  may  be  associated  with  a  few  percent  As  in 
highly  strained  GaN,  and  an  upward  shift  of  the  band  edges 
due  to  band  bending  at  the  cluster/GaAs  interface. 

The  samples  were  prepared  using  a  combination  of  solid 
Ga  and  As2  effusion  and  ECR-plasma-excited  N2  gaseous 
sources.7  Thirty-six  period  superlattices  were  produced  by  a 
growth  and  nitridation  procedure  (based  on  the  principle  of 
N-As  surface  anion  exchange),7  with  substrate  temperatures 
ranging  from  540  to  560  °C.  Reflection  high  energy  electron 
diffraction  obtained  during  surface  nitridation  revealed  a 
specular,  commensurate  (3X3)  pattern,  indicating  coherent 
growth.7  Simulations  of  XRD  data  suggested  that  the  struc¬ 
tures  consist  of  coherently  strained  superlattices,  with  mono- 
layer  thickness  GaAs07yN02i  embedded  in  192  A  GaAs  lay¬ 
ers.  For  STM  studies,  the  samples  were  cleaved  to  expose  a 
(NO)  surface,  in  an  uitra-high-vacuum  chamber  with  base 
pressure  <4X  10"  11  Torr.  STM  was  performed  with  electro- 
chemically  etched  single-crystal  <  1 1 1  > -oriented  W  tips 
cleaned  by  in  situ  electron  bombardment  and  characterized 
by  in  situ  field-emission  microscopy.  Typically,  images  were 
obtained  with  a  constant  tunnel  current  of  0.1  nA.  Details  of 
the  STM  design,9  cleavage  procedure,10  and  spectroscopic 
methods11  have  been  described  previously. 

Figures  1(a)  and  2(a)  show  STM  topographic  images  of 
the  GaN/GaAs  superlattices,  displayed  with  the  growth  di¬ 
rection  from  right  to  left.  In  these  empty  state  images,  the 
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FIG.  I.  Large-scale  topographic  images  of  GaN/GaAs  superlattices,  ac¬ 
quired  at  a  sample  voltage  of  +  2.2  V.  The  grey-scale  ranges  displayed  in  (a) 
and  (b)  are  2.1  and  4.7  A,  respectively.  In  (c),  pixels  with  tip  height  more 
than  2  A  below  the  nominal  GaAs  height  are  displayed  as  black,  while  all 
others  are  white. 

nitrided  regions  appear  as  depressions  (darker  regions)  in  the 
surrounding  GaAs  (brighter  regions).  The  large-scale  image 
in  Fig.  1(a),  acquired  at  a  sample  bias  voltage  of  +  2.2  V, 
indicates  that  the  nitrided  layers  are  not  continuous  films,  but 
consist  of  groups  of  atomic-scale  defects  and  clusters  of  vari¬ 
ous  sizes.  In  Fig.  2(a),  we  present  a  high-resolution  view  of 
the  superlattices,  acquired  at  a  sample  bias  voltage  of  +2.5 
V.  Fringes  with  a  spacing  of  5.65  A,  corresponding  to  the 
(001)  lattice  planes  of  GaAs,  are  observed  in  the  bright  re¬ 
gions  of  the  image.  The  image  consists  primarily  of  one  ni¬ 
trided  layer  sandwiched  by  160  A  GaAs  layers,  with  tails  of 
additional  nitrided  layers  on  the  edges  of  the  image.  This 
nitrided  layer  contains  one  small  cluster  and  a  group  of 
atomic  scale  defects.  It  is  evident  that  the  extent  of  nitrogen 
incorporation  in  the  growth  direction  is  ^30  A,  considerably 
greater  than  the  simulated  monolayer  thickness.  In  filled  state 
images  (negative  sample  bias  voltage),  the  nitrided  regions 
appear  bright  in  comparison  with  the  surrounding  GaAs.12 
Since  the  contrast  of  the  defects  and  clusters  is  dependent  on 
the  sign  of  the  bias  voltage,  both  features  are  of  electronic 
rather  than  topographic  origin.  In  other  words,  the  dark 
(bright)  features  in  the  empty  (filled)  state  images  are  not  pits 
(protrusions)  in  the  surface  but  instead  regions  with  different 
electronic  structure, 
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FIG.  2.  High  resolution  topographic  image  acquired  at  a  sample  voltage  of 
+  2.5  V.  The  grey-scale  range  displayed  in  (a)  is  2.7  A.  A  view  of  the  region 
outlined  by  a  white  box  in  (a)  is  shown  in  (b),  with  a  grey-scale  range  of  4.7 
A.  A  cut  along  the  line  indicated  by  arrows  in  (a)  is  displayed  in  (c). 

In  order  to  quantify  the  nitrogen  content  in  the  struc¬ 
tures,  we  have  determined  the  fractional  area  of  clusters  in 
several  large-scale  images  such  as  Fig.  1(a).  We  used  an 
algorithm  to  count  pixels  in  regions  of  the  image  with  tip 
height  below  a  specified  value.  We  estimate  a  tip  height 
(depth)  criterion  based  on  the  tip  height  profile  in  the  vicinity 
of  a  cluster.  Figure  2(c)  is  a  line  cut  of  the  tip  height,  taken 
through  the  center  of  a  cluster,  defined  by  the  arrows  in  Fig. 
2(a).  The  line  cut  indicates  a  region  of  decreased  tip  height  at 
the  cluster,  surrounded  by  a  gradual  increase  in  tip  height, 
presumably  due  to  band  bending  at  the  cluster/GaAs  inter¬ 
face.  It  is  evident  from  this  line  cut  that  the  band  bending  is 
partly  superposed  on  the  GaAs  atomic  corrugation.  This  ef¬ 
fect  is  further  illustrated  for  the  small  cluster  outlined  by  a 
white  box  in  Fig.  2(a).  In  Fig.  2(b),  the  grey  scales  in  the 
white  box  region  are  expanded  from  2.7  to  4.7  A,  and  the 
apparent  size  of  the  cluster  is  significantly  reduced.  Thus, 
part  of  the  contrast  displayed  in  the  clusters  in  Figs.  1(a)  and 
2(a)  is  due  to  band  bending  and  must  be  taken  into  account 
when  counting  up  the  total  cluster  area.  Therefore,  the  tip 
height  cutoff  is  defined  as  the  depth  at  which  the  atomic 
corrugation  is  not  observed,  approximately  2  A  below  the 
unperturbed  GaAs  regions.  In  Fig.  1(b),  the  grey  scales  of 
Fig.  1(a)  are  expanded  from  2.1  to  4.7  A.  In  Fig.  1(c),  image 
pixels  with  tip  height  more  than  2  A  below  the  nominal 
GaAs  height  are  displayed  as  black,  while  ail  other  image 

Goldman  et  al.  3699 


-3-2-10  1  2  3 

SAMPLE  VOLTAGE  (V)  =  E-EF  (eV) 


FIG.  3.  STM  spectra  acquired  on  an  atomic  scale  defect  (GaAsrN)  and  large 
duster  (lateral  extent  >  50  A),  in  comparison  with  a  region  of  clean  GaAs. 
The  valence  and  conduction  band  edges  are  marked  by  Ev  and  £c  ,  respec- 
dveiy.  The  state  associated  with  an  acceptor  level  of  NAs  in  GaAs  is  indi¬ 
cated  by  a  upward  pointing  arrow.  The  sample  voltage  corresponds  to  the 
energy  of  the  state  relative  to  the  Fermi  level. 

pixels  are  white.  The  fraction  of  black  regions  is  4.45 ±0.05 
:X  10  3 ,  which  corresponds  to  only  about  (1/5)  monolayer  of 
GaN  per  deposited  layer,  rather  than  the  full  monolayer  as¬ 
sumed  earlier.8  A  similar  fractional  area  of  clusters  is  ob¬ 
tained  in  several  large-scale  images,  with  total  area  >  0.2 
/-im2.  High  resolution  x-ray  diffracdon  data  of  these  GaN/ 
GaAs  superlattices  indicate  an  average  superlattice  lattice 
constant,  5.6499  A,  previously  interpreted  in  terms  of  (con¬ 
tinuous)  monolayers  of  GaAs0.79Na2i  embedded  in  192  A 
GaAs  layers.8  With  the  knowledge  of  the  fractional  area 
of  the  clusters,  we  estimate  a  cluster  lattice  constant  of  4.6 
r  0.1  A,  similar  to  bulk  GaN.  Therefore,  we  conclude  that 
the  nitrided  regions  consist  of  nearly  pure  GaN,  as  opposed 
to  some  alloy  composition  with  20%-30%  N.8 

In  order  to  chemically  identify  the  atomic-scale  defects 
and  clusters,  we  performed  spectroscopic  measurements  on 
individual  defects  and  clusters  of  various  sizes.  In  Fig.  3  the 
normalized  conductance  versus  sample  bias  voltage  are  plot¬ 
ted  for  an  atomic  scale  defect  (GaAs:N)  and  large  cluster 
(lateral  extent  >  50  A),  respectively,  and  compared  with 
regions  of  clean  GaAs.  The  GaAs  spectrum,  shown  at  the 
bottom,  displays  well-defined  band  edges13  with  a  band  gap 
of  1.43 ±0.10  eV,  comparable  to  that  of  bulk  GaAs.  The 
spectrum  corresponding  to  atomic  scale  defects  displays 
well-defined  band  edges  and  band  gap  similar  to  GaAs. 
However,  in  this  case,  a  state  is  observed  at  0.40±0.05  eV 
above  the  conduction  band  edge.  The  position  of  this  state 
with  respect  to  the  conduction  band  edge  is  consistent  with 
the  predictions  of  Wolford  et  al. 14  for  N  isoelectronic  traps 
in  GaAs.  Therefore,  we  associate  the  state  with  an  acceptor 
level  of  NAs  in  GaAs,  and  identify  the  atomic -scale  defects  as 

nAs. 

The  spectrum  corresponding  to  a  large  cluster  displays 
several  features  which  are  different  from  the  clean  GaAs 
spectrum.  The  most  prominent  difference  is  the  reduced  band 


gap  of  1 .23  ±0.10  eV,  which  is  significantly  smaller  than 
band  gaps  of  GaAs  (1.43  eV)  and  GaN  (3.5  eV).  Recently,  a 
number  of  theoretical  works  have  predicted  band  gap  bowing 
in  the  GaAS|  _  rNr  alloy  system.3,15-17  The  calculated  bowing 
parameters  would  suggest  that  the  reduced  band  gap  corre¬ 
sponds  to  a  few  percent  nitrogen  or  arsenic  in  GaAs[_rNr. 
However,  our  analysis  of  x-ray  diffraction  data  discussed 
earlier  suggests  that  the  clusters  are  nearly  pure  GaN.  Thus, 
the  band  gap  reduction  may  be  due  in  part  to  a  few  percent 
As  in  GaN  with  additional  reduction  due  to  the  high  lattice- 
mismatch  strain  between  the  clusters  and  GaAs.12,18'21  In 
addition  to  the  reduced  band  gap,  the  band  edges  of  the  clus¬ 
ter  spectrum  are  shifted  upward  in  comparison  to  the  GaAs 
spectrum.  Similar  effects  are  observed  in  spatially  resolved 
spectroscopy  of  a  small  cluster  (lateral  extent  <  50  A), 
where  the  band  edges  are  shifted  upward  as  one  moves  to¬ 
wards  the  GaAs/c luster,  interface.12  The  band  edge  shifts  are 
attributed  to  electrostatic  charging  which  results  in  band 
bending  at  the  cluster/GaAs  interface,  similar  to  that  ob¬ 
served  previously  in  studies  of  arsenic  precipitates  in  low- 
temperature  GaAs.22  The  upward  shift  of  the  band  edges  of 
the  cluster  is  consistent  with  the  contrast  observed  in  the 
bias-dependent  images  mentioned  earlier.12 
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Microscopic  growth  processes  associated  with  GaN/GaAs  molecular  beam  epitaxy  (MBE)  are 
examined  through  the  introduction  of  a  first-order  kinetic  model.  The  model  is  applied  to  the 
electron  cyclotron  resonance  microwave  plasma-assisted  MBE  (ECR-MBE)  growth  of  a  set  of  <5- 
GaNyAsj-y/GaAs  strained-layer  superlattices  that  consist  of  nitrided  GaAs  monolayers  separated 
by  GaAs  spacers,  and  that  exhibit  a  strong  decrease  of  y  with  increasing  T  over  the  range  540- 
580  °C.  This  y(T)  dependence  is  quantitatively  explained  in  terms  of  microscopic  anion  exchange, 
and  thermally  activated  N  surface-desorption  and  surface-segregation  processes.  N  surface 
segregation  is  found  to  be  significant  during  GaAs  overgrowth  of  GaNyAsj -y  layers  at  typical  GaN 
ECR-MBE  growth  temperatures,  with  an  estimated  activation  energy  Es~ 0.9  eV.  The  observed  y(T) 
dependence  is  shown  to  result  from  a  combination  of  N  surface  segregation/desorption  processes. 
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The  wide  band-gap  refractory  semiconductor,  GaN,  re¬ 
lated  alloys,  and  heterostructures  have  recently  come  under 
active  investigation  due  to  their  technological  promise  as 
light  emitters  in  the  blue  to  UV  region.1”3  While  much  recent 
GaN  research  has  emphasized  growth  of  device  structures 
(blue  LEDs  and  lasers)  on  various  substrates,4"6  compara¬ 
tively  little  work  has  concentrated  on  the  microscopic  growth 
processes  that  are  of  significance,  for  example,  in  the  elec¬ 
tron  cyclotron  resonance  plasma-assisted  molecular  beam  ep¬ 
itaxial  (ECR-MBE)  growth  of  GaN-related  heterostructures. 
Recently,  we  have  shown7,8  that  it  is  possible  to  produce  high 
quality,  fully  commensurate  GaNv As  { _  y/GaAs  strained-layer 
superlattices  (SLS).  Analysis  of  such  structures  through 
time-resolved  reflection  high  energy  electron  diffraction 
(RHEED)  and  high-resolution  x-ray  diffraction  (HRXRD) 
measurements  recently  revealed  evidence  of  distinct  ther¬ 
mally  activated  microscopic  processes,  but,  in  the  absence  of 
a  quantitative  model  to  consistently  account  for  these  sepa¬ 
rate  RHEED  and  HRXRD  observations,  only  tentative  iden¬ 
tification  of  processes,  and  at  best,  semiquantitative  assess¬ 
ment  of  kinetics  has  been  possible  to  date.8 

In  this  letter,  we  examine  the  initial  nitridation,  N  sur¬ 
face  desorption,  and  N  surface  segregation  processes  ob¬ 
served  in  ECR-MBE-grown  GaN^Asj  _v/GaAs  heterostruc¬ 
tures  through  the  introduction  of  a  quantitative  model  that  is 
based  on  first-order  kinetic  theory.  For  the  first  time,  the 
existence  of  a  thermally  activated  N  surface-segregation 
mechanism,  which  appears  to  be  significant  under  typical 
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GaN/GaAs  ECR-MBE  growth  conditions,  is  conclusively  es¬ 
tablished  and  quantitatively  assessed.  Through  applicadon  of 
our  model  to  an  unusually  strong  growth  temperature  depen¬ 
dence  of  y  in  GaNyAsj-j/GaAs  superlattices,  the  existence 
of  a  strong  N-surface-segregation  mechanism,  which  we  sug¬ 
gested  previously,8  but  could  not  conclusively  establish  in 
the  absence  of  a  suitable  quantitative  model  (which  is  neces¬ 
sary  to  adequately  describe  the  combined  effects  of  concur¬ 
rent,  thermally  activated  N  surface-segregation  and  surface- 
desorption  processes)  is  now  quantitatively  confirmed. 
Numerical  estimates  of  activation  energies  for  the  N  surface 
segregation  as  well  as  surface  desorption  processes  are 
given,  within  the  context  of  first-order  kinetics.  Finally,  the 
broader  significance  of  a  strong  N  surface-segregation  effect 
to  GaN/GaAs  heteroepitaxy  is  discussed. 

The  samples  and  experimental  details  that  are  of  rel¬ 
evance  to  the  present  work  have  been  described  in  Ref.  8;  for 
convenience,  we  briefly  repeat  the  most  pertinent  details 
here.  A  set  of  36-period  “<$-GaNyAS|  _y/GaAs”  superlattices, 
each  consisting  nominally  of  GaNyAS|_y  monolayers  (ML) 
separated  by  GaAs  spacers,  was  grown  on  GaAs  (100)  as  a 
function  of  substrate  temperature  (540-580  °C)  in  an 
ECR-MBE  system.  GaNyAS|-y  monolayers  were  produced 
through  brief  (4  s)N2  plasma  exposure  of  an  As-stabilized 
GaAs  surface,  followed  immediately  by  GaAs  overgrowth  at 
a  fixed  growth  rate  (0.75  ML/s),  and  an  ltAs-soakM  (30  s). 
The  entire  sample  set  was  characterized  through  HRXRD, 
which  confirmed  commensurate  growth,  and  from  which  N 
content  (_v  in  GaNvAs,  _ v  layers)  was  determined.  The  result¬ 
ant  compositional  dependence  on  growth  temperature,  y(T), 
from  Ref.  8  is  reproduced  here  in  Fig.  1.  For  the  purpose  of 
the  present  work,  the  key  finding  is  the  unexpectedly  abrupt 
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growth  temperature  (°C) 


FIG.  1.  Growth-kinetic  models  to  explain  the  strong  y(T)  dependence  ob¬ 
served  for  ECR-MB E-growth  <5-GaNvAs1_)./GaAs  strained-layer  superlat¬ 
tices.  Experimental  data  points  are  reproduced  from  Ref.  8.  Dashed  curve: 
model  calculation  neglecting  N  surface  segregation  [Eq.  (2)].  Solid  curve: 
model  calculation  including  segregation  [Eq.  (4)]. 


drop  in  y  with  increasing  growth  temperature. 

We  now  wish  to  understand  the  physical  origin  of  this 
y(T)  dependence.  For  this  purpose,  we  devise  an  analytical 
model,  based  on  first-order-kinetics  arguments,  which  explic¬ 
itly  incorporates  the  distinct  phases  of  our  particular  SLS 
growth  sequence  (nitridation/overgrowth/soak)  as  described 
above.  First,  let  us  consider  the  nitridation  phase.  The  essen¬ 
tial  physical  processes  that  describe  the  net  rate  of  surface 
nitridation  have  been  previously  identified;7  they  are  (i) 
N-for-As  surface  anion  exchange  (N  gain),  and  (ii)  surface  N 
desorption  (N  loss).  Mathematically,  these  processes  can  be 
modeled  (up  to  terms  linear  in  N  concentration)  as 

dy  y 

_=,$(!  -y)--.  (1) 

In  this  equation,  the  term  -  y/rd  corresponds  to  N  loss  due 
to  surface  desorption  and  is  described  kinetically  in  terms  of 
a  thermally  activated  rate  constant,  ^dl==Tod 
'XQ\p(—Ed/kT)y  with  activation  energy  Ed .  We  have  directly 
observed  such  a  process  through  RHEED  observation  of  ni- 
trided  GaAs  surfaces  at  elevated  temperatures,  and  have  pre¬ 
viously  reported  estimates  for  Ed(~2A  eV).8 

The  N  gain  term  [first  term  on  the  right  hand  side  of  Eq. 
(1)]  represents  the  N  buildup  on  the  As-stabilized  GaAs  sur¬ 
face  due  to  anion  exchange.  This  process  is  modeled  (again 
up  to  terms  linear  in  y)  as  being  proportional  to  the  incident 
physically  activated  N  flux  <J>;  to  an  overall  “efficiency  fac¬ 
tor  s ;  and,  to  the  fraction  of  available  (As)  surface  sites, 
(1-y).  Defining  an  “effective  dosing  rate”  r=s<t>,  the  solu¬ 
tion  to  Eq.  ( I)  for  an  initially  N-free  surface  can  be  written  as 

?  ( '  cxP)  =  ys*[  1  -  exp(  -  /cxp  /  r)  ] ,  (2) 

where  yyv—rr  and  r=(r^  1 +  r)  1 ,  and  /exp  is  the  nitrogen 
plasma  exposure  time.  Equation  (2)  models  the  essential  ni¬ 


tridation  kinetics  without  undue  mathematical  complexity, 
but  ignores  the  subsequent  stages  of  growth  of  our  superlat¬ 
tices.  A  comparison  of  the  dashed  curve  with  experimental 
data  points  in  Fig.  I  graphically  illustrates  the  seriousness  of 
this  omission.  The  dashed  curve  is  a  plot  of  Eq.  (2),  taking 
^exp~"4  s,  and  making  use  of  the  RHEED-based  experimental 
desorption  parameters,  Ed=2A  eV,  and  rd=  7  s  at  592  °C.7’8 
Additionally,  the  dosing  rate  r  is  estimated  to  be  approxi¬ 
mately  0.1  Hz  from  experimental  y  values  at  550  °C  for  4 
and  6  s  nitridations.8 

Upon  inspection  of  Fig.  1  it  is  evident  that  the  processes 
of  anion  exchange  and  N  desorption  alone  are  insufficient  to 
account  for  the  strong  falloff  of  y  with  increasing  growth 
temperature  in  our  5-GaN^Asj -^/GaAs  superlattices.  The 
weak  falloff  of  the  model  (dashed)  curve  with  increasing  T 
results  from  the  negligible  N  desorption,  which  would  be 
expected  in  the  short  time  over  which  an  initially  nitrided 
surface  remains  exposed;  i.e.,  (tQXp+tMl)^Tdl  where  rML  is 
the  monolayer  deposition  time  of  the  GaAs  overlayer.  Since 
surface  desorption  is  the  only  observed  N  loss  mechanism  in 
our  samples,  the  effective  time  over  which  N  persists  on  the 
(moving)  growth  surface  must  be  substantially  larger  than 
Uexp'^'  ^ml)*  To  explain  this,  we  hypothesize  that  thermally 
activated  N  surface  segregation,  with  rate  t~  1  =  r^1  exp 
(- Es!kT ),  is  occurring  during  GaAs  overgrowth.8  This  is 
supported  qualitatively  by  our  experimental  observation  that 
GaN-related  (3X3)  RHEED  surface  reconstructions  persist 
longer  at  higher  substrate  temperatures  during  GaAs  over¬ 
growth. 

Let  us  consider  explicitly  the  fractional  loss  of  N  from 
one  period  of  a  superlattice  during  overgrowth.  In  our  model, 
we  shall  assume  that  (1)  segregation  is  allowed  only  from  the 
current  first  subsurface  to  the  current  surface  layer;  (2)  de¬ 
sorption  is  allowed  from  all  currently  exposed  surfaces^  i.e., 
from  the  current  surface  and  current  partially  exposed  first 
subsurface  layers;  and  (3)  the  segregation  and  desorption 
processes  are  statistically  independent.  It  is  convenient  to 
define  a  relative  GaN  mole  fraction  Sn  in  monolayer  n 
where,  by  definition,  the  content  of  the  nitrided  layer  at  the 
end  of  the  nitridation  step  is  normalized  to  S0(r  =  0)=  1.  Un¬ 
der  these  conditions,  the  N  content  of  monolayers  n  and  n+ 1 
are  related  through 


Sn+l<0)  =  [Sn(0)-Sn(/ML)]^.  (3) 

where  Txol=rs+Td.  Also,  over  the  time  interval 
0=S/=S/ml-  S„(t)  decays  exponentially  as  exp(  —  r/ r,,) , 
where  r,!  l  =  (r~'  +  rdl).  Using  this  expression  in  Eq.  (3),  it 
is  straightforward  to  show  that,  in  order  to  consistently  in¬ 
corporate  N  surface  segregation  into  our  model,  Eq.  (2)  must 
be  replaced  by 


-V(fexp)  y  ss 


^toi  \ 

Td+  rse'Ml-/T") ' 


(4) 


where  the  bracketed  factor  on  the  right  is  merely  a  dimen¬ 
sionless  “correction  factor”  to  Eq.  (2)  in  the  range  0  to  1, 
which  physically  represents  the  fraction  of  the  initial  N  dose 
that  is  retained  within  each  (nominally  identical)  period  of 
the  superlattice.  Thus,  Eq.  (4),  rather  than  Eq.  (2)  above,  is 
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needed  to  quantitatively  describe  the  nitridation/overgrowth/ 
soak  sequence  of  our  5-GaNyAs^y/GaAs  superlattices,  in 
terms  of  microscopic  anion  exchange,  desorption,  and  segre¬ 
gation  processes. 

With  N  surface  segregation  now  properly  included  in  our 
model,  Eq.  (4)  is  plotted  as  the  solid  curve  in  Fig.  1.  This 
curve  has  been  calculated  through  use  of  the  identical  dosing 
(r)  and  desorption  (Ed  and  r0d)  parameter  values  that  were 
used  above  to  obtain  the  dashed  curve  while,  at  the  same 
time,  performing  a  nonlinear  least-squares  fit  to  the  experi¬ 
mental  data  points  shown  in  the  figure  through  adjustment  of 
the  two  segregation  parameters  Es  and  r05.  The  surface- 
segregation  activation  energy  that  results  from  this  procedure 
is  estimated  to  be  0.9  eV±30%.  From  the  figure  it  is  seen 
that,  with  N  surface  segregation  now  included  in  our  model, 
very  good  quantitative  agreement  with  the  experimental  data 
is  obtained,  thereby  tending  to  confirm  our  N  surface- 
segregation  hypothesis. 

Our  results  imply  that  a  compositional-profile  smearing 
of  N  along  the  growth  direction  should  be  expected  as  a 
natural  consequence  of  the  segregation  process.  Preliminary 
cross-sectional  scanning  tunneling  microscopy  images  of  one 
of  our  superlattices  confirm  this.10  Such  direct-imaging  tech¬ 
niques  might  provide  a  means  for  direct  determination  of  the 
quantity  Es ,  since  our  model  predicts  the  manner  in  which 
the  spatial  extent  of  profile  smearing  should  increase  with 
increasing  growth  temperature.  Such  profile-smearing  effects 
would  tend  to  limit  heterojunction  abruptness  of  nitride/ 
arsenide  heterostructures  (assuming  that  a  given  GaN/GaAs- 
based  heterostructure  can  be  stabilized  in  the  first  place); 
however,  such  smearing  effects  might  possibly  be  controlled 
through  some  of  the  MBE  techniques  that  have  been  success¬ 
fully  applied  to  the  problem  of  dopant-profile  smearing  in 
MBE-grown  Si.11 

In  summary,  we  have  developed  a  kinetic  model  to  help 
identify  and  quantitatively  assess  some  of  the  microscopic 
processes  that  are  observed  in  ECR-MBE-grown  GaN/GaAs- 
based  heterostructures.  Separate  experimental  observations 


of  anion  exchange,  N  surface  desorption,  and  an  unusually 
strong  decrease  in  N  content  with  increasing  growth  tem¬ 
perature  for  the  case  of  ECR-MBE-grown,  coherently 
strained  <$-GaNvAsI_v/GaAs  superlattices,  are  all  quantita¬ 
tively  explained  in  terms  of  this  single,  kinetic  model.  In 
particular,  the  strong  y{T)  dependence  is  quantitatively  un¬ 
derstood  for  the  first  time  in  terms  of  combined,  thermally 
activated,  N  surface-segregation/surface-desorption  pro¬ 
cesses.  The  N  surface-segregation  process  appears  to  be  sig¬ 
nificant  under  typical  GaN/GaAs  ECR-MBE  growth  condi¬ 
tions.  Finally,  our  model  enables  for  the  first  time  a 
numerical  estimate  of  the  kinetic  parameters  that  are  associ¬ 
ated  with  the  N  surface-segregation  process. 
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Reflection  high  energy  electron  diffraction  study  of  nitrogen  plasma 
interactions  with  a  GaAs  (100)  surface 
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Effect  of  a  nitrogen  electron-cyclotron-resonance  (ECR)  microwave  plasma  on  near-surface 
composition,  crystal  structure,  and  morphology  of  the  As-stabilized  GaAs  (100)  surface  is 
investigated  with  the  use  of  digitally  image-processed  in  situ  reflection  high  energy  electron 
diffraction.  Nitridation  is  performed  on  molecular  beam  epitaxially  (MBE)  grown  GaAs  surfaces 
near  600  °C  under  typical  conditions  for  ECR  microwave  plasma-assisted  MBE  growth  of  GaN 
films  on  GaAs.  Brief  plasma  exposures  (^3-5  s)  are  shown  to  result  in  a  specular,  coherently 
strained,  relatively  stable,  GaN  film  approximately  one  monolayer  in  thickness,  which  can  be 
commensurately  overgrown  with  GaAs  while  longer  exposures  (up  to  1  min)  result  in 
incommensurate  zincblende  epitaxial  GaN  island  structures.  Specular  and  nonspecular  film 
formations  are  explained  in  terms  of  N-for-As  surface  and  subsurface  anion  exchange  reactions, 
respectively.  Commensurate  growth  of  ultrathin  buried  GaN  layers  in  GaAs  is  achieved.  ©  1995 
American  Institute  of  Physics . 


Recent  progress  in  epitaxial  growth  techniques  has 
prompted  a  renewed  interest  in  wide-band-gap,  “refractory” 
compound  semiconductor  materials  based  on  GaN.  In  par¬ 
ticular,  the  growth,  properties,  and  technological  prospects  in 
blue-to-UV  optoelectronic  and  high  temperature  electronic 
device  applications  of  GaN  and  its  related  alloys  and  hetero- 
structures  with  AIN  and  InN  have  been  the  subject  of  a  num¬ 
ber  of  recent  reviews. !”3  Indeed,  several  recent  successes 
with  GaN-based  materials,  including  room-temperature  opti¬ 
cally  pumped  blue  stimulated  emission4  and  the  demonstra¬ 
tion  of  intense  emission  from  blue5  and  blue-green6  light- 
emitting  diode  (LED)  devices,  appear  to  validate  the  promise 
of  wide-gap  IIE-V  semiconductors  as  an  alternative  to  II- VI 
materials  for  short-wavelength  optoelectronic  applications. 
However,  despite  numerous  reports  of  epitaxial  growth  of 
GaN  on  GaAs,  A1203,  Si,  and  other  substrates,  primarily 
through  metalorganic  chemical  vapor  deposition7  (MOCVD) 
and  molecular  beam  epitaxial8”10  (MBE)  techniques,  rela¬ 
tively  little  is  known  about  the  underlying  phenomena,  pro¬ 
cesses,  and  kinetics  associated  with  the  initial  formation  of 
GaN  epitaxial  films. 

In  this  paper,  the  initial  formation  and  stability  of  GaN 
on  GaAs  under  electron-cyclotron-resonance  microwave- 
plasma-assisted  MBE  (ECR-MBE)  growth  conditions  is 
studied  with  the  use  of  in  situ  reflection  high  energy  electron 
diffraction  (RHEED)  techniques.  Exposure  of  GaAs  to  the 
nitrogen  plasma  is  seen  to  result  in  GaN  formation  through 
surface  and  subsurface  anion  exchange,  without  the  use  of 
codeposited  Ga.  A  preliminary  assessment  of  the  anion- 
exchange  kinetics  is  given.  It  is  shown  that  limited  plasma 
exposure  results  in  the  formation  of  a  specular,  coherently 
strained ,  GaN  film,  presumed  to  be  close  to  one  monolayer 
(ML)  in  thickness,  which  can  be  overgrown  with  commen¬ 
surate  GaAs  overlayers,  whereas  slightly  longer  plasma  ex- 
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posure  results  in  incommensurate,  three-dimensional  island 
formation  of  zincblende  GaN.  To  our  knowledge,  this  is  the 
first  time  that  commensurate  growth  has  been  reported  for 
such  a  large  lattice  constant  mismatch  (25%)  in  a  heteroepi- 
taxial  structure. 

The  samples  used  in  this  study  were  prepared  in  a  man¬ 
ner  similar  to  that  followed  in  the  usual  ECR-MBE  growth 
of  GaN  films  on  GaAs  from  a  combination  of  conventional 
solid  Ga  and  As  effusion  and  ECR-plasma-excited  N2  gas¬ 
eous  sources,10  except  that  no  Ga  flux  was  used  in  our  initial 
nitride  layer  formation.  All  MBE  growth,  nitridation,  and 
RHEED  observations  were  performed  in  a  Superior  Vacuum 
Technology  Model  433^  solid-source  III-V  system,  which 
has  been  retrofitted  with  a  Wavemat  Model  MPDR  610iA 
ECR  microwave  plasma  source  and  a  2000  l/s  cryopump. 
First,  GaAs  buffer  layers  («*1  /xm)  were  epitaxially  depos¬ 
ited  onto  on-axis  (100)  GaAs  epiready  substrates  at  a  sub¬ 
strate  temperature  of  600  °C  and  a  growth  rate  of  0.73  ML/s, 
following  well  established  in  situ  surface  preparation  and 
growth  procedures.11  Next,  the  substrate  temperature  was 
lowered  to  580  °C,  and  a  steady-state  flow  (26  seem,  2 
X  i  o  -4  jorr  chajHbej-  pressure)  of  filtered,  commercial  ultra- 
high  purity  N2  gas  was  established  through  the  ECR  source 
into  the  growth  chamber,  while  a  continuous  As2  flux  was 
used  throughout  to  maintain  the  As-stabilized  GaAs  (100) 
surface  condition.  At  this  point,  the  following  basic  sequence 
of  events  was  implemented  in  each  of  three  MBE  runs:  ni¬ 
tridation  (plasma  exposure  at  100  W  forward  microwave 
power);  stability  assessment  (with  or  without  an  As2  flux); 
and  GaAs  overgrowth.  Plasma  exposure  times,  substrate 
temperature,  and  GaAs  growth  rate  were  varied  to  aid  in 
interpretation  of  the  salient  phenomena.  RHEED  pattern  im¬ 
ages  were  recorded  throughout  these  procedures  with  the  use 
of  a  CCD  camera  and  S-VHS  VCR  unit.  Subsequently,  se¬ 
lected  frames  were  captured  digitally  on  playback  through 
the  use  of  a  frame  grabber,  and  analyzed  in  detail  with  the 
aid  of  custom-developed  image  processing  and  analysis 
software.12 
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FIG.  1.  RHEED  patterns  along  the  substrate  [110]  azimuth,  showing  surface 
nitridation  of  GaAs  (100)  at  600  °C  as  a  function  of  exposure  time,  (a) 
Initial  GaAs  (2X4)  reconstruction  (r=0);  (b)  commensurate,  specular  GaN 
(3X3)  reconstruction  (l<r^5  s);  (c)  incommensurate,  nonspecular 
zincblende  GaN  (r>5  s). 

The  effects  of  nitridation  of  a  GaAs  (100)  surface  on 
surface  structure  and  morphology  are  assessed  through 
RHEED  analysis  as  shown  in  Fig.  1 .  Presented  in  this  figure 
are  a  sequence  of  RHEED  patterns,  taken  along  the  substrate 
[110]  azimuth,  that  reveal  the  evolution  of  surface  micro- 
structure  and  morphology  as  a  function  of  plasma  exposure 
time.  Figure  1(a)  shows  the  un-nitrided  GaAs  (100)  buffer 
layer  surface,  which  is  seen  here  to  exhibit  the  characteristic 
As-stabilized  (2X4)  surface  reconstruction.  Upon  initial 
plasma  exposure,  the  pattern  shifts  immediately  (~1  s)  to  a 
new,  (3X3)  reconstruction  pattern  shown  in  Fig.  1(b).  This 
streaked  pattern,  characteristic  of  a  specular  epitaxial  sur¬ 
face,  upon  further  plasma  exposure  quickly  (>5  s  at  600  °C) 
gives  way  to  the  spotty  pattern  shown  in  Fig.  1(c).  The  spotty 
pattern,  characteristic  of  an  epitaxial  but  microscopically 
rough  surface,  is  recognizable  as  the  diffraction  pattern  of 
zincblende  GaN,  and  this  pattern  persists  up  to  our  maximum 
exposure  time  of  1  min. 

It  is  possible  to  recover  information  about  the  in-plane 
latdce  constant  aj  through  measurement  of  the  horizontal 
spacing  of  the  diffraction  features  shown  in  Fig.  1.  Figure  2 
shows  a  comparison  of  the  diffracted  intensity  versus  hori¬ 
zontal  position  for  the  three  RHEED  images  presented  in 
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FIG.  2.  Horizontal  linescans  [curves  (a)-(c)]  for  the  corresponding  RHEED 
images  shown  in  Fig.  1.  Principal  and  equally  spaced  fractional-order  peaks 
are  indicated.  The  GaN  (3X3)  pattern  [curve  (b)]  is  commensurate  with  the 
substrate  (ag-G^As  lattice  constant)  while  the  peak  spacing  in  curve  (c) 
indicates  a  partially  relaxed  zincblende  GaN  film. 

Fig.  1.  The  abscissa  corresponds  to  surface  reciprocal  lattice 
vector  Gx,  given  in  units  of  (2'7rV2/a0),  where  a0  is  the 
bulk  GaAs  lattice  constant.  In  these  units,  the  diffraction 
peak  indices  for  curve  (a)  in  Fig.  2  are  directly  read  from  the 
abscissa.  We  see  immediately  from  Fig.  2  that  the  RHEED 
patterns  shown  in  Figs.  1(a)  and  1(b)  are  commensurate .  In 
contrast,  the  more  diffuse  spotty  pattern  is  clearly  incom¬ 
mensurate  with  the  substrate.  If  we  define  the  spacing  be¬ 
tween  the  ±  1  GaAs  diffraction  orders  as  b ,  then  we  see  from 
Fig.  2  that  the  ±1 -order  peak  separation  in  curve  (c)  is  1 3b, 
corresponding  in  real  space  to  an  in-plane  lattice  constant  of 
fl|/1.3=4.3  A,  close  to  the  value  of  ^0^-4. 52  A,  the 
lattice  constant  of  bulk  GaN.  This  slight  discrepancy  in  lat¬ 
tice  constants,  and  the  extremely  diffuse  character  of  the  dif¬ 
fraction  spots,  suggest  the  presence  of  inhomogeneously  dis¬ 
tributed  residual  strain  in  the  GaN  layer. 

The  effect  of  an  As2  flux  on  the  onset  and  stability  of  the 
(3X3)  RHEED  pattern  has  also  been  investigated.  Our  ob¬ 
servations  indicate  that,  once  nitrided,  in  the  absence  of  an 
As2  flux,  the  newly  established  RHEED  patterns  are  com¬ 
paratively  stable  (~  1  min)  even  near  600  °C.  This  is  in  direct 
contrast  to  the  case  of  GaAs  at  similar  temperatures,  where¬ 
upon  removal  of  As2  flux  results  in  immediate  loss  of  surface 
As,  followed  by  a  subsequent  loss  of  subsurface  As.  The 
above  suggests  that  negligible  As  is  associated  with  the  pat¬ 
terns  shown  in  Figs.  1(b)  and  1(c).  Additionally,  since  the 
time  scale  of  the  initial  transition  to  the  (3X3)  pattern  (—1  s) 
is  comparable  to  that  of  volatilization  of  surface  As  from 
GaAs,  it  is  reasonable  to  conclude  that  the  pattern  in  Fig. 
1(b)  corresponds  to  a  nearly  complete  replacement  of  surface 
As  by  N  while  the  formation  of  a  GaN  pattern  of  Fig.  1(c)  is 
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FIG.  3.  Effect  of  As^>  flux  on  initial  formation  (inset)  and  stability  (main 
figure)  of  the  GaN  (3X3)  surface,  as  monitored  through  time  dependence  of 
the  integrated  3-order  streak.  Data  for  a  3  s  plasma  exposure  at  592  °C  are 
shown.  Pertinent  timing  events  and  fit  to  Eq.  (1)  are  indicated. 


evidently  the  result  of  further  (subsurface)  atomic  exchange. 

A  quantitative  examination  of  the  rates  of  initial  forma¬ 
tion  and  subsequent  decay  of  the  GaN  (3X3)  surface  at 
592  °C  and  as  a  function  of  differing  incident  flux  conditions 
is  presented  in  Fig.  3.  There,  we  present  the  time  dependence 
of  the  1/3-order  GaN  diffraction  streak  during  initial  nitrida- 
tion  and  subsequent  plasma  removal.  Also  indicated  are  rel¬ 
evant  events  such  as  shutter  and  plasma  (de)activation,  both 
of  which  were  observed  to  induce  comprehensible  artifacts 
due  to  electrostatic  perturbation  from  the  plasma  source.  Fig¬ 
ure  3  clearly  indicates  a  pronounced  increase  in  the  decay 
rate  of  the  GaN  surface  under  the  presence  of  an  As2  flux 
(“As-soak”  case)  in  comparison  with  the  condition  in  which 
only  background  As  (“no-soak”)  is  present.  Qualitatively, 
for  the  As-soak  case,  the  GaN  (3X3)  pattern  slowly  evolves 
back  to  the  GaAs  (2X4),  suggesting  a  gradual  replacement  of 
the  surface  N  layer  by  As  atoms.  (GaAs  overgrowth  on  such 
a  surface  immediately  exhibits  RHEED  oscillations.)  In  con¬ 
trast,  in  the  no-soak  case,  the  GaN  (3X3)  again  gradually 
evolves,  but  this  time,  into  what  appears  to  be  a  pattern  char¬ 
acteristic  of  a  poorly  ordered  Ga-stabilized  GaAs  surface.  On 
the  other  hand,  the  As2  flux  appears  to  have  a  less  significant 
effect  upon  the  initial  nitridation  rate  of  the  GaAs  surface 
(inset  of  Fig.  3).  This  is  consistent  with  the  high  volatility  of 
As  at  the  temperature  noted  above,  and  with  the  large  differ¬ 
ence  in  Ga-N  and  Ga-As  bond  strengths  (heats  of  formation 
6.81  and  5.55  eV,  respectively)13  compared  to  kT.  An  analo¬ 
gous  situation  has  been  previously  investigated  in  the  case  of 
As-for-Sb  anion  exchange.14  It  is  interesting  to  note  that  the 
decay  of  the  5-order  line  in  the  As-soak  case  of  Fig.  3  can  be 
well  represented  by  an  equation  of  the  form 


I=Ase-,lT‘+Ate-'lTi,  (I) 

involving  the  superposition  of  “short”  (^**7.1  s)  and 
“long”  (t/** 48  s)  decay  processes.  A  very  preliminary  analy¬ 
sis  of  our  results  at  592  and  613  °C  suggests  an  activation 
energy  of  eV  for  rs  and  ^3  eV  for  r{. 

As  mentioned  above,  commensurate  buried  layers  of 
GaN  were  readily  produced  through  limited-exposure  surface 
nitridation,  followed  by  commensurate  GaAs  overgrowth  at 
monolayer  deposition  times  that  are  short  compared  with  the 
surface  stability  lifetime  of  the  GaN  top  layer.  This  technique 
might  be  applied  to  the  synthesis  of  “digital  alloys”  of 
GaNyAsj-y  since  it  is  difficult  to  form  the  ternary  alloy  via 
plasma- assisted  MBE  growth.15  Further,  such  a  digital  alloy 
could  be  grown  commensurately,  provided  that  the  usual 
rules  for  staying  below  applicable  critical  thicknesses  of  a 
multilayered  structure  are  obeyed.16 

In  summary,  we  have  examined  the  effects  of  exposing  a 
GaAs  surface  to  a  nitrogen  plasma  under  conditions  that  are 
typical  of  the  ECR-MBE  growth  of  GaN  films.  Direct  evi¬ 
dence  for  the  near-surface  formation  of  GaN  due  to  N-for-As 
anion-exchange  processes  as  the  result  of  plasma-surface  in¬ 
teractions,  rather  than  the  usual  codeposition  of  the  constitu¬ 
ent  source  elements,  has  been  presented.  It  has  been  shown 
that  limited  plasma  exposure  results  in  a  single,  ultrathin, 
planar,  coherently  strained,,  and  comparatively  stable  GaN 
layer,  which  can  be  commensurately  overgrown  with  GaAs. 
Finally,  multilayers  might  be  used  in  the  synthesis  of 
GaNyAs^y  digital  alloy  structures. 
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An  overview  is  presented  of  band  alignments  for  small-lattice  parameter,  refractory  semiconductors. 
The  band  alignments  are  estimated  empirically  through  the  use  of  available  Schottky  barrier  height 
data,  and  are  compared  to  theoretically  predicted  values.  Results  for  tetrahedraily  bonded 
semiconductors  with  lattice  constant  values  in  the  range  from  C  through  ZnSe  are  presented.  Based 
on  the  estimated  band  alignments  and  the  recently  demonstrated  p-type  dopability  of  GaN,  we 
propose  three  novel  heterojunction  schemes  which  seek  to  address  inherent  difficulties  in  doping  or 
electrical  contact  to  wide-gap  semiconductors  such  as  ZnO,  ZnSe,  and  ZnS.  ©  1995  American 
Institute  of  Physics. 


This  letter  presents  Schottky  barrier  based  estimates  of 
band  alignments  among  tetrahedraily  bonded  semiconductors 
with  lattice  constant  values  in  the  range  from  C  to  ZnSe.  This 
range  includes  the  refractory  semiconductors,  e.g.,  GaN  and 
related  nitride  compounds,  of  much  current  interest  due  to 
recent  successes  in  short-wavelength  light-emitting  devices.1 
The  band  alignments  are  determined  empirically  from  Au 
Schottky  barrier  height  data  in  a  manner  similar  to  that  found 
in  Refs.  2  and  3.  Basis  for  the  connection  between  band 
alignments  and  Schottky  barrier  height  data  can  be  found  in 
Ref.  4.  For  our  study,  we  use  primarily  the  limited  Schottky 
barrier  data  currently  available,  which  nonetheless  appear 
sufficient  to  indicate  some  striking  differences  between  small 
and  large  lattice-parameter  semiconductors.  These  Schottky- 
based  band  edge  energies  are  compared  to  the  predictions  of 
Harrison  and  Tersoff.5  Based  on  our  findings  for  valence 
band  offsets  of  wide-gap  semiconductors,  three  applications, 
each  involving  heterostructures  of  p-type  GaN  with  wide-gap 
E-VI  semiconductors,  are  proposed  as  a  means  of  circum¬ 
venting  limitations  in  p- type  dopability  or  electrical  contact 
formation  in  the  latter  materials. 

The  band  alignments  are  summarized  in  Fig.  1.  The  data 
are  presented  in  the  form  of  a  “McCaidin”  diagram,6  which 
simultaneously  displays  lattice  parameters,  band  gaps,  band 
alignments,  and  dopability.  Each  semiconductor  is  repre¬ 
sented  by  a  vertical  line  whose  length  is  determined  by  the 
band  gap  of  the  semiconductor  and  whose  vertical  position  is 
determined  by  experimental  Au  Schottky  barrier  height  mea¬ 
surements  from  the  literature,  where  the  zero  of  energy  is 
defined  as  the  Au  Fermi  level.  The  n-type  dopability  is  indi¬ 
cated  by  open  and  filled  triangles  for  either  undopable  or 
dopable  material,  respectively.  Similarly,  open  and  filled 
squares  are  used  to  indicate  p-type  dopability.  In  cases  where 
only  the  conduction-band  Schottky  barrier  height  <fBn ,  was 
measured,  the  valence-band  Schottky  barrier  height,  4>Bp , 
was  determined  using  Eg=  <j>Bn+  <f>Bp ,  where  Eg  is  the 
semiconductor  band  gap. 
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Also  shown  in  Fig.  1  are  the  band  lineups  as  determined 
from  theoretical  predictions  of  Harrison  and  Tersoff.  These 
values  are  indicated  by  horizontal  bars  representing  the  va¬ 
lence  band  edge.  When  the  predicted  Ev  lies  below  the  ex¬ 
perimental  Ev ,  a  vertical  dotted  line  connects  the  horizontal 
bar  to  the  symbol  for  the  experimental  Ev .  For  clarity,  the 
theoretically  determined  conduction  band  edge  positions  are 
not  shown.  It  should  be  noted  that  with  the  exception  of  a 
few  semiconductors,  the  calculated  Ev  values  of  Ref.  5  are  in 
reasonable  agreement  with  the  experimental  values,  and  that 
discrepancies  can  generally  be  explained  by  the  lack  of 
^-orbitals  in  the  calculation.  All  of  the  values  used  to  pro¬ 
duce  Fig.  1  are  also  listed  in  Table  I.3*5’7-35 

A  few  points  should  be  made  regarding  the  experimental 
band  lineup  values.  For  AIN  and  A1P,  no  Schottky  barrier 
height 'data  were  available,  so  the  valence  band  edge  posi¬ 
tions  were  determined  from  measurements  of  the  AIN/ 
GaN26,27  and  AlP/GaP33  valence  band  offsets,  respectively. 
For  InN,  no  experimental  data  were  found,  so  only  the  cal¬ 
culated  band  alignment  is  shown.  Other  non-Schottky-based 
measurements  suggest  that  GaN  and  AIN  should  lie  higher  in 
the  diagram,36^7  but  we  use  the  Au  Schottky  barrier  height 
result.28  Finally,  the  equilibrium  crystal  structure  of  some  of 
the  semiconductors  is  wurzite  instead  of  zinc  blende.  For 
these  semiconductors,  we  use  the  band  gap  for  the  wurzite 
crystal  structure;  however,  for  clarity  of  presentation,  we  use 
the  lattice  constant  for  the  equivalent  zinc  blende  crystal 
structure.  For  SiC,  the  3C-SiC  band  gap  and  lattice  param¬ 
eter  are  used.  We  expect  little  variation  of  the  Ev  values  with 
crystal  structure,  since  the  SiC  Schottky  barrier  height  data 
do  not  show  a  strong  dependence  of  the  valence  band  posi¬ 
tion  on  crystal  structure,  as  supported  by  the  recent  measure¬ 
ment  of  a  small  valence  band  discontinuity  between  3C-SiC 
and  6H-SiC.38 

Figure  1  shows  a  similar  correlation  between  dopability 
and  band  edge  position  as  observed  in  earlier  studies  for 
larger  lattice  parameter  semiconductors.6  A  notable  excep¬ 
tion,  however,  is  GaN  which  is  dopable  p-type  to  high  levels 
despite  a  deep  valence  band  edge.  Some  possible  light  emit- 
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FIG.  1.  Diagram  for  small-lattice  parameter  tetrahedral  semiconductors.  Band  gaps  and  band  lineups  are  given  by  the  length  and  vertical  position  of  the  line 
associated  with  each  semiconductor.  Filled  and  open  symbols  represent  dopable  and  undopable  material,  respectively:  triangles  for  n-type  and  squares  for 
p-rype.  Experimental  band  lineups  were  determined  primarily  from  Schottky  barrier  height  measurements.  The  theoretical  Ev  positions  of  Harrison  and  Tersoff 
(Ref.  5)  are  indicated  by  horizontal  bars. 


ter  applications  utilizing  this  /7-type  dopability  of  GaN  are 
described  below. 

Graded  injector.  As  explained  in  detail  in  Refs.  39  and 
40,  a  suitably  designed  graded  layer  near  a  heterojunction 
facilitates  carrier  injection  into  a  semiconductor  which  is  not 
easily  doped  with  a  given  carrier  type.  For  example,  holes 
could  be  injected  into  ZnO  by  transport  over  a  small  energy 
barrier  from  an  adjacent  layer  of  GaN,  which  happens  to 
have  a  relatively  good  lattice  match  to  ZnO.  The  flatband 
diagram  for  a  p-GaN/n-ZnO  heterojunction  shows  a  moder¬ 
ate  barrier  for  hole  injection  from  /?-GaN  into  n- ZnO.  This 
barrier  can  be  overcome  by  grading  the  GaN  into  an 
AlxGat_xN  ternary  to  extend  the  valence  band  edge  to  match 
that  of  ZnO  at  the  Al^Ga^N/ZnO  interface.  At  the  same 
time,  the  expanded  band  gap  serves  to  block  electron  injec¬ 
tion  from  n-ZnO  into  GaN.  p-GaN/n-ZnO  is  a  typical  type  II 
heterojunction  with  barriers  to  both  carrier  types,  and  grad¬ 
ing  in  this  manner  allows  suppression  of  one  carrier  flow 
while  enhancing  the  other.  Note  that  the  graded  injector  ap¬ 
proach  does  not  require  doping  within  the  graded  region. 

Type  11,  no-barrier  injector:  As  has  been  discussed 
previously,41  it  is  possible  to  have  a  type  II  heterojunction 
with  no  barrier  for  either  carrier  type  when  at  flatband.  Fig¬ 
ure  1  indicates  excellent  prospects  for  this  no-barrier  appli¬ 
cation  for  n-ZnSe/p-GaN  and  n-ZnS/p-GaN  heterojunctions. 
Of  these  two,  n-ZnS/p-GaN  is  particularly  attractive  because 
ZnS  has  not  yet  been  rendered  /7-type.  While  ZnSe  has  been 
made  p-type,  n-ZnSe/p-GaN  could  provide  an  alternative  ap¬ 
proach  to  introducing  holes  into  n-ZnSe.  Both  of  these  ex¬ 
amples  entail  large  lattice  mismatch  at  the  he teroj unction,  of 
the  same  order  as  in  growing  GaN  on  sapphire.  Single¬ 
crystal  growth  has  been  achieved  in  the  latter  case,  although 


TABLE  I.  Data  for  important  elemental  and  binary  compound  semiconduc¬ 
tors  with  equivalent  zinc  blende  lattice  parameters  of  5.7  A  or  less. 


<t>8p  (eV) 


Material 

(A)1 

(eV) 

Theoryb 

Expt 

C 

3.567 

5.48 

2.03 

1.5C 

SiC 

4.360 

2.2 

1.33 

1.3d 

Si 

5.431 

1.12 

-0.03 

0.45e 

Ge 

5.658 

0.66 

-0.32 

0.07e 

BN 

3.616 

6.2f 

2.62 

3.1* 

AIN 

4.3  8h 

6.2" 

2.72 

3.15* 

GaN 

4.52h 

3.39h 

2.55 

2.50' 

InN 

4.98h 

1.89" 

2.59 

BP 

4.538 

2.1k 

0.74 

1.2* 

A1P 

5.464 

2.45 

0.76 

1.23m 

GaP 

5.451 

2.27 

0.66 

0.80c 

InP 

5.869 

1.35 

0.77 

0.86c 

AlAs 

5.660 

2.15 

0.46 

1.00c 

GaAs 

5.653 

1.42 

0.34 

0.56c 

ZnO 

4.57b 

3.4 

4.16 

2.74n 

ZnS 

5.41 

3.62 

2.16 

1.62° 

ZnSe 

5.668 

2.69 

1.69 

1.33° 
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at  a  cost  in  terms  of  imperfections.  However,  for  some  de¬ 
vice  purposes,  such  imperfections  are  tolerable,  as  demon¬ 
strated  in  recent  GaN/sapphire  blue  light  emitters.1  Further¬ 
more,  ZnS  as  presently  used  in  electroluminescent  devices 
can  tolerate  grain  boundaries  and  other  imperfections. 

Ohmic  contacts :  In  principle,  p-G aN  can  introduce  holes 
into  any  material  with  Ev  lying  higher  in  Fig.  1  than  Ev 
(GaN).  This  means  that  Ni/Au  on  p-G  aN,  which  forms  an 
Ohmic  contact,  could  be  used  to  contact  those  materials  that 
are  dopable  p-type,  but  not  to  levels  sufficient  for  good 
Ohmic  contact.  Two  examples  are  p-GaN/p-ZnSe  and 
p-GaN/p-AlP.  In  practice,  such  substrate  materials  should  not 
be  heated  above  the  temperatures  at  which  they  were  pro¬ 
cessed,  a  limitation  that  may  possibly  be  overcome  with  the 
improvement  of  lower-temperature  GaN  growth  methods.  As 
with  the  other  applications  described  above,  energetics  are 
favorable  for  the  proposed  devices,  but  practical  problems  of 
fabrication  remain. 

In  conclusion,  best  estimates  of  band  edge  energies  for 
smaller  lattice  parameter  semiconductors,  based  on  Schottky 
barrier  heights,  have  been  presented  and  compared  to  theo¬ 
retical  estimates.  Based  on  these  data,  we  have  proposed 
three  applications  which  take  advantage  of  the  p-type  dop- 
ability  of  GaN.  A  graded  injector  is  proposed  to  facilitate 
minority  carrier  injection  into  ZnO.  Type  II,  no-barrier  injec¬ 
tors  are  proposed  using  p-GaN/n-ZnSe  and  p-GaN/n-ZnS 
heterojunctions.  Finally,  p-GaN  is  proposed  as  a  possible 
Ohmic  contacting  layer  to  p-ZnSe  or  p-AlP. 

This  work  was  supported  by  the  Advanced  Research 
Projects  Agency  monitored  under  ONR  Contract  N00014- 
92-J-1845. 
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ABSTRACT 

Initial  nitridation  of  molecular  beam  epitaxially  (MBE)  grown  GaAs  surfaces  by  means  of  an 
electron  cyclotron  resonance  (ECR)  microwave  plasma  source  is  investigated  in  situ  through 
time-resolved  reflection  high  energy  electron  diffraction  (RHEED),  and  ex  situ  high-resolution 
X-ray  diffraction  (HRXRD)  techniques.  Brief  (<  8-10  s)  plasma  exposure  of  GaAs  (100) 
surfaces  results  in  surface  N-for-As  anion  exchange  and  a  new,  specular,  commensurate  (3x3) 
RHEED  pattern  which  appears  to  correspond  to  up  to  1  monolayer  of  coherently  strained  GaN 
on  GaAs.  Anion  exchange  kinetics  is  studied  through  the  time-dependence  of  the  onset  and 
decay  of  the  (3x3)  RHEED  pattern  as  a  function  of  substrate  temperature.  For  the  first  time, 
coherently  strained  GaNyAsi.y  /GaAs  heterostructures  are  grown  and  characterized.  Direct 
evidence  for  thermally  activated  processes  from  both  RHEED  and  HRXRD  observations  is 
presented,  and  N  desorption  and  surface-segregation  phenomena  are  proposed  to  explain  the 
experimental  results. 


INTRODUCTION 

GaN-based  wide-gap  Ifl-V  refractory  semiconductors  have  come  under  intensely  renewed 
interest  as  a  prospective  short-wavelength  optoelectronic  device  material.  Several  reviews  of 
GaN-based  materials  have  been  given  recently,1'3  and  a  number  of  successful  demonstrations  of 
GaN-based  blue-green  and  blue5  light-emitting  diode  (LED)  devices  have  been  reported.  Owing 
to  the  considerable  technological  demand  for  blue-to-UV  semiconductor  LEDs  and  lasers,  most 
research  on  GaN-based  wide-gap  semiconductors  has  emphasized  light-emitting  device 
structures.  In  contrast,  relatively  few  reports  have  concentrated  on  fundamental  investigation  of 
the  epitaxial  growth  process  itself.  In  particular,  for  the  case  of  electron-cyclotron-resonance 
microwave  plasma  assisted  molecular  beam  epitaxial  (ECR-MBE)  growth  of  GaN/GaAs 
structures,  the  exchange  of  N  and  As  atoms  (“anion  exchange”)  plays  a  crucial  role  in  the  initial 
stages  of  epitaxy,  but,  nonetheless,  has  received  little  attention. 

In  this  paper,  we  investigate  anion  exchange  processes  at  an  initial  GaAs  (100)  surface  upon 
nitrogen  plasma  (N*)  exposure  in  an  ECR-MBE  system.  Anion-exchange  processes  are 
monitored  in  situ  through  time-resolved  reflection  high  energy  electron  diffraction  (RHEED) 
techniques.  Brief  N*  exposure  is  shown  to  result  in  the  formation  of  a  comparatively  stable, 
coherently  strained  nitrided  surface  layer  on  GaAs,  due  to  N-for-As  surface  exchange.  This 
layer  exhibits  a  previously  unreported  (3x3)  surface  reconstruction,  and  can  be  overgrown 
commensurately  with  GaAs.  In  this  way,  coherently  strained  GaNAs/GaAs  strained-layer 
superlattices  are  fabricated  for  the  first  time,  and  characterized  through  high  resolution  X-ray 
diffraction  (HRXRD).  Finally,  two  important  but  previously  unreported  thermally  activated 
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The  HRXRD  measurements  are  performed  with  the  use  of  a  Philips  Materials  Research 
Diffractometer  (MRD)  operated  in  the  4-crystal  mode  using  (220)  Ge  reflections.  Both  co/20 
scans,  and  “area”  scans  (reciprocal-space  mapping),  about  the  substrate  (004)  and  (115)  Bragg 
peaks,  respectively,  are  performed  on  each  sample.  Additionally,  dynamical  simulations  of  the 
®/20  scans,  to  aid  in  compositional  and  strain  profile  analysis  of  our  superlattices,  are  computed 
with  the  use  of  the  Philips  High  Resolution  Simulation  (HRS)  software  package. 


RESULTS  AND  DISCUSSION 

Figure  1  shows  schematically  the  effect  of  the  N*  flux  on  initial  GaAs  (100)  RHEED  pattern. 
Near  600  C,  the  characteristic  As-stabilized  (2x4)  GaAs  surface  reconstruction  [Fig.  1(a)]  upon 
N*  exposure  immediately  changes  to  the  specular  (3x3)  pattern  depicted  in  Fig.  1(b).  This 
reaction  is  reversible:  upon  replacement  of  the  N*  flux  with  an  As  flux,  the  pattern  again 
returns  to  the  original  (2x4)  though  much  more  slowly  than  the  forward  reaction.  We  have  first 
reported  this  behavior  elsewhere7  where  it  has  been  argued  that  the  observed  RHEED  pattern 
changes  correspond  to  surface-layer  anion  exchange  of  N  and  As  species,  for  sufficiently  brief 
(<  8-10  s)  N*  exposure  times.  In  contrast,  we  have  shown  that  longer  exposure  times  (up  to  1 
min)  result  in  the  formation  strain-relaxed  islands  of  zinc  blende  GaN.7  Together,  these 
observations  suggest  a  nitridation  of  the  As-terminated  GaAs  surface  due  to  incident  N*  flux 
such  that  first  rapid  surface,  followed  by  slower  subsurface,  anion  exchange  processes,  take 
place. 


RHEED  PATTERN  EVOLUTION  vs.  INCIDENT  FLUX 
ON  GaAs  (100) 

600°C 

[110]  azimuth  . . _ 


(-1  sec) 


As  flux 
(-0.5  min) 


GaAs  (2x4)  GaNyAs^y  (3x3) 

Fig.  1  RHEED' Pattern  evolution  under  N*  and  As  fluxes.  Note  time  scales.  GaNAs  pattern  is  commensurate  w/ 
substrate.  Reaction  is  reversible,  if  N*  exposure  time  is  limited  to  a  few  sec. 


The  RHEED  pattern  dynamics  have  also  been  examined  quantitatively  through  time-resolved 
measurements.  The  pattern  evolution  is  quantitatively  assessed  as  a  function  of  time  through 
intensity  of  the  1/3-order  reconstruction  line.  This  line,  present  in  the  (3x3),  but  absent  from  the 
(2x4)  pattern,  is  taken  as  a  measure  of  the  extent  of  surface  reaction.  Assessment  of  the  (3x3) 
onset  and  decay  are  presented  in  Fig.  2(a).  From  the  inset,  it  is  seen  that  the  presence  (absence) 
of  As  flux  has  negligible  effect  on  the  rate  of  surface  nitridation  (N-for-As  replacement),  and 
that  the  time  scale  for  nitridation  is  ~1  s.  In  contrast,  the  surface,  once  nitrided,  is  quite  stable, 
even  when  all  fluxes  are  removed.  Note  that  the  time  scale  for  decay  of  the  (3x3)  pattern  is 
much  longer  than  that  of  As-terminated  GaAs  (2x4)  at  similar  temperature.  This  result  suggests 
strongly  that  the  (3x3)  pattern  is  primarily  associated  w/  a  N-terminated  surface. 
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strained,  as  confirmed  through  (115)  area  scans.  Inspection  of  the  figure  clearly  reveals  a  very 
strong  dependence  on  growth  temperature  T  of  the  epitaxial  structure.  Two-dimensional 
equivalent  alloy  compositions  (y  defined  above)  are  determined  from  XRD  peak  positions  and 
verified  through  dynamical  simulations;  final  results  are  summarized  in  Table  I.  Figure  3(b) 
shows  an  Arrhennius  plot  of  the  resultant  ML  alloy  compositions.  The  results,  within 
experimental  error,  clearly  suggest  two  distinct  regimes  of  behavior  which  act  to  limit  N 
incorporation:  (i)  dose-limited  (low-T);  and  (ii)  kinetically  limited  (high-T).  This  finding 
suggests  that  a  thermally  activated  N  surface-segregation  process,  in  addition  to  the  thermally 
activated  N  desorption  process  found  above  from  RHEED  data,  is  active,  and  can  be  significant 
at  typical  GaN  ECR-MBE  growth  conditions.  Extracting  an  activation  energy  from  the  linear 
portion  of  the  data  yields  a  value  which  is  greater  than  that  found  for  the  desorption  processes 
alone  from  Fig.  2(b)  above,  consistent  with  the  existence  of  an  additional  thermally  activated 
process.  We  have  developed  a  kinetic  model  to  account  for  the  observed  results,  which  also 
quantitatively  explains  the  increased  composition  observed  for  the  6  sec  exposure  (sample 
OS95.009);  this  kinetic  model  will  be  described  in  detail  elsewhere.9 


Temperature  (°C) 

580  570  560  550  540 


lOOOfT  (K*1) 


Fig.  3  (a)  HRXRD  about  GaAs  (004)  for  GaNyAsj.y/GaAs  superlattice  structures.  Results  indicate  a  strong 
dependence  of  y  on  growth  temperature,  (b)  Arrhenius  plot,  showing  the  effect  of  y  growth  temperature.  A 
thermally  activated  loss  mechanism  for  the  N  is  suggested.  Low-T  (dose-limited)  and  high-T  (kinetically-limited) 
regimes  are  also  seen. 

CONCLUSION 

In  conclusion,  we  have  studied  the  interaction  of  a  nitrogen  ECR  microwave  plasma  and  a  GaAs 
surface  under  typical  ECR-MBE  growth  conditions,  and  have  observed  and  characterized  a 
number  of  important  new  phenomena  which  are  of  significance  in  understanding  the  initial 
nucleation  kinetics  of  GaN  films  on  GaAs.  Sufficiently  brief  N*  exposure  results  in  the 
formation  of  a  commensurate,  planar  surface  layer  of  GaNyAsi_y,  associated  with  a  characteristic 
(3x3)  pattern  observable  through  RHEED,  which  can  be  overgrown  with  GaAs  to  form  a 
coherently  strained  GaN/GaAs  heterostructure.  Finally,  direct  evidence  is  presented  for  the 
existence  of  thermally  activated  N  desorption  and  surface-segregation  processes,  and 
preliminary  activation  energies  for  these  processes  are  given. 
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Time-resolved  exciton  luminescence  in  GaN  grown  by  metalorganic 
chemical  vapor  deposition 

W.  Shan,®*  X.  C.  Xie,  and  J.  J.  Song 

Department  of  Physics  and  Center  for  Laser  Research ,  Oklahoma  State  University, 
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B.  Goldenberg 
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We  report  the  results  of  time-resolved  studies  on  the  exciton  radiative  decay  in  single-crystal  GaN 
films  grown  by  metalorganic  chemical  vapor  deposition.  Time-resolved  photoluminescence  (PL) 
measurements  were  performed  on  the  samples  at  various  temperatures  from  10  to  320  K.  The 
well-resolved  near-band-edge  luminescence  features  associated  with  free  excitons  and  bound 
excitons  in  the  GaN  allow  us  to  unambiguously  determine  their  decay  times.  We  found  that  the 
nonradiative  recombination  processes  play  an  important  role  and  dominate  the  decay  of  exciton 
population.  The  processes  depend  on  the  density  of  defects  and  impurities  in  the  GaN 
samples.  ©  1995  American  Institute  of  Physics. 


GaN-based  III-V  nitride  semiconductors  currently  at¬ 
tract  extensive  attention  for  their  potential  device 
applications. 1-3  Superbright  high-efficient  blue  LEDs  based 
on  nitride  structures  have  been  demonstrated  by  the  Nichia 
group  and  others.4  The  observation  of  optically  pumped  laser 
action  in  GaN  with  clear  resolvable  longitudinal  lasing 
modes  over  a  broad  temperature  range  from  10  to  400  K  has 
been  recently  reported  by  a  few  research  groups.5,6  All  this 
progress  has  led  to  much  more  intense  interest  in  the  devel¬ 
opment  of  efficient  nitride  UV-visible  light  emitters.  In  this 
letter,  we  represent  the  results  of  time-resolved  studies  of 
nonresonantly  excited  exciton  luminescence  in  single-crystal 
GaN  epilayer  films  grown  on  sapphire  substrates  by  metalor¬ 
ganic  chemical  vapor  deposition.  The  intrinsic  free-exciton 
(FX)  luminescence  line  in  the  samples  used  in  this  work  can 
be  spectrally  well  resolved  from  that  of  excitons  bound  to 
neutral  donors  (BX).  This  allows  us  to  unambiguously  study 
the  recombination  dynamics  of  both  intrinsic  free  excitons 
and  neutral-donor  bound  excitons. 

The  GaN  samples  used  in  this  work  were  nominally  un¬ 
doped  single-crystal  films  grown  by  metalorganic  chemical 
vapor  deposition  on  (0001)  sapphire  substrates.3  The  thick¬ 
ness  of  the  GaN  epilayers  used  in  this  work  ranges  from  2.5 
to  7  jim.  Time-integrated  photoluminescence  (TIPL)  mea¬ 
surements  were  first  performed  to  characterize  the  GaN 
samples.  The  experimental  setup  for  the  TIPL  measurements 
consisted  of  a  HeCd  laser  as  an  excitation  source  and  a 
1.0-M  double-grating  monochromator  with  a  photon  count¬ 
ing  and  data  acquisition  system.  For  time-resolved  photolu¬ 
minescence  (TRPL)  measurements,  the  primary  excitation 
source  was  a  pulsed  dye  laser  synchronously  pumped  by  a 
frequency-doubled  mode-locked  Nd:YAG  laser  (82  MHz). 
The  output  laser  pulses  from  the  dye  laser  with  a  pulse  du¬ 
ration  of  less  than  5  ps  and  at  the  wavelength  around  600  nm 
was  then  frequency  doubled  into  UV  pulses  by  a  nonlinear 
crystal.  The  luminescence  signals  were  dispersed  by  a  1/4  M 
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monochromator  and  detected  by  a  synchronscan  streak  cam¬ 
era  with  a  temporal  resolution  of  2  ps.  The  detection  system 
provides  the  capabilities  of  simultaneously  measuring  photo¬ 
luminescence  intensity,  time,  and  wavelength.  The  overall 
time  resolution  of  the  system  is  less  than  15  ps. 

Time-integrated  photoluminescence  spectra  taken  from 
the  samples  used  in  this  work  all  exhibit  strong,  predominant 
near-band-edge  exciton  luminescence  lines  and  a  weak 
broadband  emission  structure  peaked  at  yellow  spectral  re¬ 
gions.  Another  weak  broadband  emission  centered  at  the  blue 
color  range  could  be  also  detected.  The  inset  of  Fig.  1  shows 
a  typical  time-integrated  PL  spectrum  taken  at  10  K.  Two 


Photon  Energy  (eV) 


FIG.  1.  Time-integrated  exciton  luminescence  spectra  of  a  MOCVD  GaN 
sample  taken  at  different  temperatures.  The  inset  shows  the  10  K  PL  spec¬ 
trum  of  the  sample  over  a  broad  spectral  range. 
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FIG.  2.  Temporal  variation  of  spectrally  integrated  PL  for  both  intrinsic 
free-exciton  and  bound-exciton  emissions. 

sharp  luminescence  lines  dominate  near-band-edge  emission 
spectra.  The  strongest  emission  line  marked  by  BX  in  Fig.  1 
has  a  full  width  at  half  maximum  (FWHM)  of  less  than  1 .0 
meV  at  10  K.  The  second  one  labeled  FX  in  the  figure  shows 
a  FWHM  of  less  than  1.5  meV.  The  intensity  of  the  BX  peak 
was  found  to  decrease  with  increasing  temperature  much 
faster  than  that  of  FX  as  shown  in  Fig.  1,  where  the  near¬ 
band-edge  PL  spectral  features  were  plotted  as  a  function  of 
temperature.  It  became  hardly  resolvable  when  the  tempera¬ 
ture  was  raised  to  above  100  K  (not  shown).  Such  effects  of 
temperature  on  the  luminescence  intensity  indicate  the  emis¬ 
sion  line  resulting  from  radiative  recombination  of  excitons 
bound  to  neutral  donors.7  The  rapid  thermal  quenching  be¬ 
low  100  K  implies  that  the  exciton  is  bound  very  weakly; 
hence  it  must  be  bound  to  a  shallow  neutral  donor,  not  a  deep 
donor,  or  an  acceptor.  The  second  strongest  luminescence 
line  (FX),  together  with  the  weak  emission  feature  on  the 
higher  energy  side,  can  be  attributed  to  intrinsic  free-exciton 
emissions  associated  with  the  split-off  band  states  of  GaN 
due  to  the  symmetry  of  the  wurtzite  structure.8 

Figure  2  illustrates  the  temporal  evolution  of  spectrally 
integrated  exciton  luminescence  for  both  free-exciton  and 
bound-exciton  emissions  observed  in  a  GaN  sample  at  10  K. 
The  time  evolution  for  both  free-exciton  and  bound-exciton 
luminescence  is  dominated  by  exponential  decay.  A  much 
weaker  long-decay  component  with  an  intensity  more  than 
two  decades  smaller  compared  to  the  main  process  could 
also  be  observed  at  low  temperatures.  The  lifetime  of  the 
main  PL  decay  was  found  to  be  ~3 5  ps  for  the  free-exciton 
emissions  and  ~55  ps  for  the  bound-exciton  emissions  for 
the  GaN  sample  at  10  K.  It  has  to  be  pointed  out  that  the 
measurement  of  luminescence  decay  time  does  not  provide  a 
direct  measurement  of  radiative  lifetime,  the  measured  PL 
decay  time  only  yields  an  effective  lifetime  (reff)  for  free 
excitons  and  bound  excitons.  It  involves  both  the  radiative 
(rR)  and  nonradiative  (rNR)  lifetimes  with  the  decay  rate 
expressed  as 

l/reff=l/r^+l/rNR.  (1) 


In  this  equation  we  have  assumed  that  the  nonradiative  decay 
mechanism  is  linear,  so  that  a  lifetime  can  be  defined.  The 
radiative  lifetime  for  an  excited  state  in  a  semiconductor  can 
be  estimated  by  considerations  of  optical  transition  probabil¬ 
ity.  The  radiative  lifetime  rR  of  the  excited  state  can  be  de¬ 
scribed  by9,10 

TR=2Tre0m0c3/ne2a>2f,  (2) 

where /is  the  oscillator  strength  of  the  optical  transition,  n  is 
the  refractive  index,  and  the  other  symbols  have  their  usual 
meanings.  By  using  /i=2.4,n  and  <w=~5.3X1015  s_l  for 
GaN,  one  can  roughly  obtain  rs~(800//)  ps.  The  radiative 
lifetime  of  bound  excitons  in  GaN  is  thus  expected  to  be  just 
a  little  shorter  than  1  ns  and  on  the  order  of  several  hundreds 
of  picoseconds  if  we  take  the  upper  limit  with  its  oscillator 
strength  as  unity  The  oscillator  strength  of  free  exci¬ 

tons  calculated  within  the  effective-mass  approximation  is 
given  by  f=Ep/TTheo(V/aix),  where  Ep  is  the  Kane  matrix 
element  connecting  Bloch  states  in  the  valence  and  conduc¬ 
tion  bands,  V  is  the  volume  of  unit  cell,  and  ax  is  the  effec¬ 
tive  Bohr  radius  of  free  exciton.  Our  result  yields  /-0.012 
for  the  free  excitons  in  GaN  using  Ep~*  18  eV  and  ax~~ 20 
A.12  Thus,  the  calculated  value  of  the  radiative  lifetime  for 
free  excitons  in  GaN  will  be  in  the  several  tens  of  nanosec¬ 
onds  domain. 

Generally,  the  discrepancy  between  the  measured  values 
of  PL  decay  time  and  the  theoretical  estimated  radiative  life¬ 
time  can  be  attributed  to  nonradiative  relaxation  processes  in 
competition  with  the  radiative  channel.  For  the  case  where 
the  nonradiative  decay  rate  is  larger,  the  measured  decay 
time  is  characteristic  for  the  nonradiative  processes  in  accor¬ 
dance  with  Eq.  (1).  This  situation  is  typical  for  recombina¬ 
tion  from  intrinsic  states  of  semiconductors.13  The  nonradia¬ 
tive  processes  such  as  multiphonon  emission,  capture  by 
deep  centers,  Auger  effect,  etc.  give  rise  to  fast  relaxation  of 
the  excited  carriers  down  to  lower  states  from  which  they 
decay  radiatively  or  relax  nonradiatively.  As  a  result,  the 
measured  PL  decay  time  for  a  given  excited  state  is  an  ef¬ 
fective  lifetime  and  usually  much  shorter  than  a  radiative 
one.  This  has  been  observed  in  a  number  of  semiconductor 
bulk  materials  and  heterostructures  with  the  measured  free- 
exciton  PL  decay  time  decreasing  progressively  as  the  den¬ 
sity  of  nonradiative  recombination  centers  increased.14”16 
The  slow  rise  of  bound-exciton  luminescence  intensity  com¬ 
pared  to  that  of  the  free-exciton  PL  shown  in  Fig.  2  is  an 
indicator  of  such  nonradiative  relaxation  processes  for  free 
excitons  arriving  at  the  bound-exciton  energy.  Therefore  the 
capture  of  excitons  and  trapping  of  carriers  by  such  nonradi¬ 
ative  centers  at  defects  and  impurities  must  play  a  major  role 
in  the  recombination  processes  responsible  for  the  exciton 
population  decay  in  the  GaN  samples  studied  in  this  work.  In 
fact,  the  measured  PL  decay  time  was  found  to  be  directly 
related  to  the  intensity  of  broadband  emissions  lying  in  the 
GaN  band  gap.  The  broad  emission  structure  referred  to  as 
yellow  emission  in  the  literature  is  believed  to  be  associated 
with  the  optical  transitions  between  the  energy  levels  involv¬ 
ing  impurity  and/or  defect  states.  The  intensity  of  yellow 
emission  is  proportional  to  the  density  of  some  particular 
defects  or  impurities  present  in  samples.  We  found  that  the 
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FIG.  3.  Comparison  of  the  time  decay  of  free-exciton  emission  between  two 
GaN  samples  with  the  relative  intensity  ratio  of  100:1  for  the  yellow  emis¬ 
sion  under  the  same  excitation  conditions. 

stronger  the  yellow  emission,  the  shorter  the  PL  decay  time 
in  a  GaN  sample.  Shown  in  Fig.  3  is  a  comparison  of  free- 
exciton  PL  decay  between  two  samples  with  the  relative  in¬ 
tensity  ratio  of  100:1  for  the  yellow  emission  under  identical 
excitation  conditions.  The  deduced  lifetime  of  free-exciton 
emission  in  the  sample  with  stronger  yellow  emission  is  only 
15  ps  (which  is  the  limit  of  our  instrumental  resolution). 
Therefore,  the  fast  decay  behavior  of  the  PL  intensity  indi¬ 
cates  that  the  capture  of  excitons  and  trapping  of  carriers  at 
defects  and  impurities  through  nonradiative  combinations 
dominate  the  decay  of  exciton  population.  The  process  of 
capture  therefore  must  depend  on  the  density  of  defects  and 
impurities  in  the  GaN  samples. 

The  effects  of  sample  temperature  on  the  time  decay  of 
exciton  luminescence  were  also  examined.  The  bound- 
exciton  PL  decay  time  was  found  to  decrease  slightly  with 
increasing  temperature  before  the  emission  thermally 
quenched.  The  free-exciton  PL  decay  time  exhibited  slow 
variations  with  temperature,  either  decreasing  or  increasing, 
from  different  samples.  It  is  known  that  for  a  radiative  re¬ 
combination  dominant  system,  an  increase  in  the  radiative 
lifetime  with  temperature  is  expected  for  the  free 
excitons10,17  since  their  average  kinetic  energy  is  increased. 
The  thermal  redistribution  results  in  a  decreasing  number  of 
the  excitons  close  enough  to  the  Brillouin-zone  center  for 
radiative  recombination.  Also  the  lifetime  is  expected  to  be 
independent  of  temperature  for  bound  excitons,  and  only  the 
emission  intensity  is  expected  to  decrease  because  of  thermal 
ionization  of  the  bound  excitons.  Although  recombination 
from  excitons  bound  to  extrinsic  states  such  as  defects  or 
impurities  can  often  be  very  efficient  at  low  temperatures  as 
demonstrated  by  Fig.  1,  the  measured  decay  time  is  still  de¬ 
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termined  by  detailed  decay  kinetics.  The  observed  decreasing 
of  PL  decay  time  with  temperature  for  the  bound  excitons  in 
the  GaN  samples  suggests  that  the  incremental  stronger  non¬ 
radiative  relaxations  occur  as  the  temperature  is  raised  result¬ 
ing  in  further  faster  decay  of  the  exciton  population.  This  can 
be  also  evidenced  from  the  decrease  of  free-exciton  PL  in¬ 
tensity  with  temperature.  Therefore,  the  variations  of  the 
measured  PL  decay  time  for  free  excitons  with  temperature 
in  the  GaN  samples  is  a  result  of  competition  between  non¬ 
radiative  capture  of  free  excitons  at  defects  or  impurities  and 
thermally  enhanced  exciton-exciton  and  exciton-phonon 
scatterings. 

In  summary,  we  have  performed  time-resolved  lumines¬ 
cence  spectroscopy  to  study  the  exciton  radiative  decay  in 
GaN  epifilms  grown  by  MOCVD.  The  decay  time  for  both 
free-exciton  and  bound-exciton  emissions  was  found  to  be 
quite  short  compared  to  the  theoretical  estimated  radiative 
lifetime.  The  results  suggest  that  the  lifetime  of  excitons  in 
the  GaN  samples  is  governed  by  nonradiative  recombination. 
The  capture  of  excitons  and  trapping  of  carriers  at  defects 
and/or  impurities  through  nonradiative  relaxation  processes 
dominate  the  decay  of  exciton  population.  The  capture  pro¬ 
cess  depends  on  the  density  of  impurities  and  defects  in  the 
GaN  samples. 
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The  interband  transitions ,  in  single-crystal  GaN  films  grown  by  metalorganic  chemical  vapor 
deposition  (MOCVD)  have  been  studied  as  a  function  of  temperature  (15^7^300  K)  by  reflectance 
and  photoiuminescence  measurements.  At  low  temperatures,  well-resolved  spectral  features 
corresponding  to  the  GaN  band  structure  were  observed.  The  energies  of  the  excitonic  interband 
Tg-Ty  (upper  band)“T^  and  TyOower  band)—  Tj  transitions  are  found  to  be  3.485,  3.493, 
and  3.518  eV  at  15  K,  respectively,  for  the  MOCVD  GaN.  The  spectral  features  are  broadened  and 
shift  to  lower  energy  as  temperature  increases.  At  room  temperature  (300  K),  the  Tg  —  Tj  and 
Tj  (upper  band)  —  transition  energies  of  this  wide  band-gap  material  are  determined  to  be  3.420 
and  3.428  eV,  respectively.  The  temperature  dependence  of  these  two  transitions  have  been 
determined  using  the  Varshni  empirical  relation.  Our  results  yield  £,0(7)  =  3. 486-8. 32 
X10'4  72/(835.6-P7)  eV  for  the  transition  and  £0(7)  =  3. 494-10. 9 

X10"4  72/(l  194.6  +  7)  eV  for  the  Ty  (upper  band)  —  Tf  transition.  ©  1995  American 
Institute  of  Physics. 


GaN-based  III-V  nitride  semiconductors  have  recently 
attracted  extensive  attention  because  of  their  importance  to 
both  science  and  technology  for  the  applications  toward 
high-temperature  electronics  and  light  emitters  and  detectors 
operating  in  the  blue  and  ultraviolet  wavelength  range.1,2  It  is 
known  that  GaN  has  a  wurtzite  structure  in  natural  form,  and 
has  a  wide  direct  band  gap  of  —3.4  eV  at  300  K,  which 
provides  efficient  radiative  recombination.  The  wavelength 
of  radiation  from  GaN  based  materials  can  be  tuned  over  a 
wide  range  from  visible  to  ultraviolet  by  alloying  or  forming 
heterostructures  such  as  quantum  wells  with  other  nitrides 
(AIN  and  InN).  Many  efforts  have  been  devoted  to  the  prepa¬ 
ration  of  high  quality  GaN  crystals  and  epitaxial  films,  the 
characterization  of  GaN  crystals  and  films  grown  by  a  vari¬ 
ety  of  growth  techniques,  and  the  development  of  devices 
using  GaN  based  materials.3-14  There  have  been  several  re¬ 
ports  on  the  temperature  dependence  of  the  GaN  band 
gap.15-24  However,  the  estimated  temperature  coefficients  re¬ 
ported  by  the  literature  vary  among  the  samples  prepared  by 
various  growth  techniques  as  well  as  with  different  optical 
measurement  methods. 

In  this  letter,  we  present  the  results  of  temperature- 
dependent  optical  measurements  on  a  single-crystal  GaN 
film  grown  by  metalorganic  chemical  vapor  deposition 
(MOCVD)  on  a  sapphire  substrate.  The  low-temperature 
photoiuminescence  (PL)  spectra  of  the  MOCVD  GaN 
samples  exhibit  a  strong,  narrow  near-band-edge  emission 
structure  corresponding  to  the  radiative  decay  of  bound  ex- 
citons  and  free  excitons.  The  normally  observed  donor- 
acceptor  pair  recombination  spectral  signatures  could  barely 
be  observed,  indicating  the  high  quality  as  well  as  substantial 
purity  of  the  samples.  The  reflection  spectra  measured  at  low 
temperatures  consist  of  a  few  well-resolved  spectral  features 
associated  with  the  free-exciton  transitions  in  the  GaN. 


While  the  spectral  features  are  broadened  and  shift  towards 
lower  energy  as  temperature  increases,  photoreflectance 
measurements  were  employed  so  as  to  obtain  a  better  spec¬ 
tral  resolution  and  allow  a  more  precise  determination  of  the 
transition  energies.  As  a  result,  the  observed  interband  exci¬ 
tonic  transitions  [  and  (upper  band)  -Ty]  in 

this  MOCVD  grown  GaN  have  been  mapped  out  as  a  func¬ 
tion  of  temperature  and  the  Varshni  thermal  coefficients25 
have  been  determined. 

-  The  GaN  sample  used  in  this  work  was  a  nominally 
undoped  single-crystal  film  grown  by  metalorganic  chemical 
vapor  deposition  on  a  (0001)  sapphire  substrate.  A  thin  AIN 
buffer  layer  of  —50  nm  was  deposited  on  the  substrate  at 
about  775  °C  before  the  growth  of  the  GaN  epilayer.  The  4.2 
/zm  GaN  layer  was  deposited  at  1040  °C  directly  on  the  AIN 
buffer.  Optical  measurements  were  carried  out  on  the  GaN 
sample  over  a  temperature  range  from  15  K  up  to  300  K. 
Photoiuminescence  (PL)  spectra  were  measured  using  an  ex¬ 
perimental  setup  consisting  of  a  HeCd  laser  as  an  excitation 
source  and  a  1-M  double-grating  monochromator  connected 
with  a  photon-counting  system.  For  reflectance  measure¬ 
ments,  quasimonochromatic  light  dispersed  by  a  0.5  m 
monochromator  from  a  halogen  tungsten  lamp  was  focused 
on  the  sample  and  the  reflection  signals  were  detected  by  an 
UV-enhanced  Si  photodiode  or  a  photomultiplier  tube  con¬ 
necting  to  a  lock-in  amplification  and  data  acquisition  sys¬ 
tem.  In  addition,  a  chopped  HeCd  laser  beam  was  used  to 
provide  optical  modulation  when  the  photoreflectance  mea¬ 
surements  were  performed. 

To  illustrate  the  quality  and  purity  of  the  GaN  films 
grown  by  MOCVD,  photoiuminescence  and  reflection  spec¬ 
tra  of  the  GaN  sample  used  in  this  work  are  shown  in  Fig.  1 
for  15  K.  The  reflection  spectrum  (upper  curve)  has  three 
exciton  resonances  as  indicated  by  the  vertical  arrows.  The 
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FIG.  I.  Reflection  (upper  curve)  and  photoluminescence  (lower  curve)  spec¬ 
tra  of  the  MOCVD  GaN  sample  at  15  K  are  shown  for  comparison. 

excitons  referred  to  as  the  A,  Bf  and  C  exciton  (Refs.  16  and 
22)  are  related  to  the  T^-T^r^  (upper  band)  -Ff  and 
Tj  (lower  band^-Ty  interband  transitions  in  GaN.  Their 
transition  energies  are  3.485,  3.493,  and  3.518  eV,  respec¬ 
tively.  The  oscillations  on  the  lower  energy  side  of  the  spec¬ 
trum  are  caused  by  interference  effects.  The  PL  spectrum 
(lower  curve)  exhibits  the  dominant  transitions  of  the  intrin¬ 
sic  free-exciton  (FE)  emission  (A  exciton)  with  the  peak  en¬ 
ergy  at  3.4854  eV.  together  with  another  FE  emission  shoul¬ 
der  (B  exciton)  at  a  higher  energy  of  3.4924  and  the  emission 
of  excitons  bound  to  neutral  donors  (BE°)  at  a  lower  energy 
of  3.4790  eV.  A  series  of  weak  luminescence  spectral  signa¬ 
tures  (not  shown)  at  the  energy  below  3.3  eV  was  also  ob¬ 
served.  Temperature-dependent  PL  measurements  were  per¬ 
formed  to  verify  the  assignments  of  the  emission  structures. 
The  intensity  of  the  BE°  structure  was  found  to  decrease 
much  faster  than  that  of  the  FE  structures  (A  and  B).  The 
emission  structure  completely  disappeared  when  the  tem¬ 
perature  was  raised  to  above  100  K,  indicating  the  dissocia¬ 
tion  of  bound  excitons  due  to  thermal  effects,  whereas  the 
structure  attributed  to  the  B-exciton  emission  could  be  well 
resolved  up  to  200  K. 

Photoreflectance  (PR)  spectra  measured  from  the  same 
sample  are  shown  at  selected  temperatures  in  Fig.  2.  The 
sharp  derivativelike  line  shapes  in  the  spectra  shown  in  Fig. 
2  correspond  to  the  transitions  between  the  edges  of  different 
valence  bands  to  that  of  the  conduction  band  of  wurtzite 
GaN.  As  the  temperature  increases,  the  line  shapes  of  the  PR 
spectral  features  shift  towards  lower  energy  and  the  sharp 
features  on  the  lower  energy  side  [corresponding  to  the 
Tq  —  Yi  and  F?  (upper  band)  —  Yy  transitions]  observed  at 
low  temperatures  gradually  broaden  and  merge  together.  The 
weak  feature  on  the  higher  energy  side  [corresponding  to 
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FIG.  2.  Photoreflectance  spectra  of  the  GaN  film  at  selected  temperatures. 
The  solid  circles  represent  experimental  data  and  the  solid  lines  represent 
the  best  fits  to  the  data. 

Ty  (upper  band)  —  Yy  transition]  becomes  barely  resolvable 
as  the  temperature  increases. 

In  order  to  determine  the  energy  positions  associated 
with  the  optical  transitions,  the  PR  spectra  were  fitted  to 
different  line  shape  functions.  The  solid  lines  in  Fig.  2  are  the 
best  fit  to  experimental  data  using  the  Lorenzian  line-shape 
functional  form26,27 

.  AR/R  =  Re[Ceid(E-E0  +  iT)-nl  (1) 

.where  C  and  0  are  the  amplitude  and  phase  of  the  line  shape, 
and  E0  and  F  are,  respectively,  the  energy  and  the  empirical 
broadening  parameter  of  the  transitions.  The  exponent  n  is  a 
characteristic  parameter  which  depends  on  the  type  of  critical 
point  in  the  Brillouin  zone  and  the  order  of  the  derivative. 
While  a  PR  spectrum  exhibits  sharp  derivativelike  structures 
on  a  featureless  background  due  to  the  optical  modulation, 
the  order  of  the  derivative  is  not  immediately  clear.  There¬ 
fore,  it  is  necessary  to  use  the  values  of  n=2  and  /i=5/2, 
which  describe  the  nature  of  the  interband  excitonic  transi¬ 
tions  and  three-dimensional  band-to-band  transitions, 
respectively,26,27  to  fit  the  PR  spectral  structures  associated 
with  the  fundamental  band-gap  transitions  in  bulk  materials. 
We  found  that  using  n— 2  (corresponding  to  the  first  deriva¬ 
tive  line  shape)  results  in  a  better  fit  to  the  line  positions  and 
widths  of  the  PR  spectra  than  using  n=5!2  (the  third  deriva¬ 
tive  line  shape).  This  was  found  to  be  appropriate  even  at  the 
highest  temperature  employed.  The  best  fits  to  the  room- 
temperature  (300  K)  PR  spectral  features  give  an  energy  of 
3.420  eV  for  the  lowest  interband  (  r^-T^)  transition  and 
an  energy  of  3.428  eV  for  the  second  interband  [  Yy  (upper 
band)  ~Yy]  transition.  This  suggests  that  the  PR  spectra 
observed  at  high  temperatures  are  still  of  the  excitonic  nature 
rather  than  being  due  to  band-to-band  transitions,  presum- 
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FIG.  3.  Temperature  dependence  of  three  interband  transition  energies. 

ably  because  of  the  large  exciton  binding  energy  (—28  meV) 
of  this  wide  band-gap  material.16  It  should  be  pointed  out 
that  the  PR  spectrum  taken  at  room  temperature  shows  a 
significant  phase  change  compared  to  others  taken  at  lower 
temperatures.  This  might  indicate  an  onset  of  the  occurrence 
of  band-to-band  transitions  but,  as  mentioned  above,  the  first 
derivative  functional  form  of  a  Lorentzian  line  shape  still 
produces  the  best  fit  to  the  room- temperature  PR  spectrum. 
Attempts  Were  also  made  to  use  the  functional  form  for  the 
first  derivative  of  a  Gaussian  function  to  fit  the  experimental 
data  measured  at  high  temperatures.  The  form  describes 
strong  exciton-phonon  coupling  and  inhomogeneous  pertur¬ 
bation  of  a  system  with  a  Gaussian  absorption  profile  of 
excitonic  transition.28,29  This  was  done  because  a  Lorentzian 
absorption  profile  for  an  interband  excitonic  transition  at 
high  temperature  could  be  inadequate.  However,  the  fitting 
results  were  not  as  good  as  the  results  obtained  by  using  Eq. 
(1). 

Figure  3  plots  out  the  energies  as  a  function  of  tempera¬ 
ture  of  all  three  observed  interband  excitonic  transitions  in 
the  low-pressure  MOCVD  GaN.  The  temperature  depen¬ 
dence  for  the  interband  transitions  was  deduced  by  using  the 
Varshni  empirical  equation.25 

£o(T)  =  £o(0)-ar2/(^+r),  (2) 

where  £0(0)  is  the  transition  energy  at  0  K,  and  a  and  £  are 
constants  referred  to  as  Varshni  thermal  coefficients.  The 
solid  lines  in  the  figure  represent  the  least-square  fit  to  the 
experimental  data  using  Eq.  (2).  The  parameters  obtained 
from  the  best  fit  are  £0(0)=3.486  eV,  a=8.32Xt(T4 
eV/K,  and  >0=  835.6  K  for  the  transition,  and 

£0(0)=3.494  eV,  a=  10. 9x  1CT4  eV/K,  and  £=1194.7  K 
for  the  Yvn  (upper  band)  —  T?  transition.  Attempts  to  fit  to 
Eq.  (2)  the  Tj  (lower  band)-  transition  energies  measured 
at  different  temperatures  yield  £0(0)  =3.520  eV, 
a=2.92X  10~3  eV/K,  and  £=3698.9  K.  The  values  of  a 
and  £  for  the  Ty  (lower  band)  -Ty  transition  are  somewhat 
anomalously  larger  than  those  for  the  r^-Ty  and 
F^upper  band)-F^  transitions.  This  is  primarily  due  to  the 
relatively  large  uncertainty  in  determination  of  the  transition 
energy  at  high  temperatures  (7>150  K)  caused  by  a  poor 
signal-to-noise  ratio. 


In  summary,  photoiuminescence  and  reflectance  mea¬ 
surements  have  been  performed  on  MOCVD  grown  GaN 
single-crystal  films  over  a  temperature  range  from  15  K  up  to 
300  K.  The  energies  of  the  r^-Ty.r,  (upper  band) 
-rf ,  and  r?  (lower  band)-^  free-exciton  transitions  in 
the  GaN  sample  were  found  to  be  3.485,  3.493,  and  3.5 18  eV 
at  15  K,  respectively.  The  room-temperature  interband  tran¬ 
sition  energy  values  obtained  from  these  measurements  are 
3.420  eV  for  the  transition  and  3.428  eV  for  the 

T,  (upper  band)-  transition.  By  fitting  the  temperature- 
dependent  energy  values  of  the  and  T,  (upper 

band)  —  Ty  transitions  to  the  Varshni  empirical  relation,  our 
result  yields  £0(D  =  3. 486-8. 32X  10'4  T2/(835.6+T) 
and  £0(T)  =  3. 494-10. 9X  10~4r2(l  194. 7  +  T)  eV,  re¬ 
spectively. 
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Optically  pumped  near  ultraviolet  lasing  from  single-crystal  GaN  grown  by  metalorganic  chemical 
vapor  deposition  has  been  achieved  over  a  temperature  range  from  10  K  to  over  375  K  by  using  a 
side-pumping  geometry  on  small  barlike  samples.  The  laser  emission  threshold  was  measured  as  a 
function  of  temperature  and  the  threshold  was  found  to  show  weak  temperature  dependence:  ^500 
kW/cm2  at  10  K  and  —800  kW/cm2  at  room  temperature  (295  K)  for  one  particular  sample  studied. 

The  longitudinal  lasing  modes  were  clearly  observed.  The  characteristics  of  the  temperature 
dependence  of  the  laser  emission  threshold  suggests  that  GaN  is  a  suitable  material  for  the 
development  of  optoelectronic  devices  required  to  operate  at  high  temperatures.  ©  1995  American 
Institute  of  Physics, 


Recently,  III-V  nitrides  have  attracted  much  attention 
because  of  their  large  energy  band  gaps,  great  physical  hard¬ 
ness,  high  thermal  conductivities,  and  high  melting 
temperatures.1  These  properties  make  III-V  nitrides  promis¬ 
ing  for  high-temperature  electronic  and  optoelectronic  device 
applications.  In  particular,  GaN  has  been  the  most  exten¬ 
sively  studied  material  because  its  large  direct  band  gap  of 
3.41  eV  at  room  temperature  is  appropriate  for  short  wave¬ 
length  (blue-ultraviolet)  light  emitting  diodes  and  laser 
diodes.1"3  With  the  advancement  of  growth  techniques,  high 
quality  GaN  crystals  have  been  grown  and  room-temperature 
optically  pumped  stimulated  emission  has  been  reported  by 
several  groups.4-10  Also,  a  commercial  light-emitting  diode 
based  on  an  InGaN/AlGaN  double-heterostructure  has  been 
successfully  fabricated  by  Nichia  Chemical  Company  in 
Japan.11  However,  thus  far  clear  evidence  of  lasing  from  pre¬ 
pared  cavities  has  not  been  reported  from  GaN,  nor  from 
other  nitrides,  except  an  early  report  by  Dingle  et  al. ,  show¬ 
ing  Fabry-Perot  modes  superimposed  on  top  of  a  broad 
emission  background  from  as-grown  GaN  needle  samples.8 
This  can  be  partially  attributed  to  difficulties  associated  with 
sample  preparation  and  processing.  In  particular,  suitable 
cavity  end  mirrors  are  difficult  to  obtain  when  the  single- 
crystal  epilayer  films  are  grown  on  such  a  hard  substrate  as 
sapphire.  This  makes  the  observation  of  laser  emission  and 
the  resultant  longitudinal  cavity  modes  difficult.6 

In  this  letter  we  report  the  experimental  results  of  opti¬ 
cally  pumped  lasing  from  single-crystal  GaN  samples  over  a 
temperature  range  from  10  K  to  over  375  K.  The  GaN 
samples  were  grown  on  sapphire  substrates  by  low-pressure 
metalorganic  chemical  vapor  deposition  (MOCVD).  By  cut¬ 
ting  the  large  sample  wafer  into  small  barlike  specimens  and 
employing  a  side-pumping  geometry  we  were  able  to  pro¬ 
duce  strong  near-UV  laser  emissions  from  the  GaN  samples 
over  a  temperature  range  from  10  K  to  over  375  K.  The 
longitudinal  cavity  modes  of  the  laser  emission  could  be 
clearly  observed  without  the  need  for  fine  polishing  or  reflec¬ 
tive  coating  of  the  samples  edge  facets.  The  lasing  threshold 


pumping  power  density  has  been  measured  in  detail  as  a 
function  of  temperature.  The  characteristics  of  the  tempera¬ 
ture  dependence  of  the  lasing  threshold  suggests  that  this 
wide  band  gap  material  can  be  used  for  the  development  and 
fabrication  of  light-emitting  devices  required  to  operate  at 
high  temperatures.  To  our  knowledge,  this  is  the  best  experi¬ 
mental  evidence  of  optically  pumped  near-UV  lasing  of  GaN 
ever  observed. 

The  GaN  samples  used  in  this  study  were  cut  from  a 
nominally  undoped  single-crystal  grown  by  low-pressure 
MOCVD.  The  4.2  fim  thick  GaN  epilayer  was  grown  on  a 
1.75  in.  (0001)  sapphire  substrate  at  1040  °C.  Before  the 
deposition  of  the  GaN  film  a  50  nm  AIN  buffer  layer  was 
grown  on  the  substrate  at  775  °C.  The  large  wafer  was  cut 
into  small  barlike  specimens  of  various  thicknesses,  ranging 
from  150  to  1000  /zm.  Extreme  care  was  taken  to  ensure  that 
the  quality  and  parallelness  of  the  cut  edge  facets  were  as 
good  as  possible.  The  barlike  samples  were  then  mounted  on 
a  sapphire  heat  sink  which  was  then  attached  to  a  copper 
sample  holder  inside  a  cryostat.  The  optical  pumping  system 
is  very  similar  to  that  used  in  our  previous  ZnSe  lasing 
work.12,13  A  tunable  dye  laser  pumped  by  a  frequency- 
doubled  pulsed  Nd:YAG  laser  was  used  as  the  primary  opti¬ 
cal  pumping  source.  The  output  of  the  dye  laser  was  then 
frequency  doubled  to  achieve  a  near  UV  pumping  frequency. 
Side-pumping  geometry  was  used  in  this  study.  The  emission 
signal  from  one  facet  of  the  GaN  sample  was  collected  into  a 
Spex  1.0  m  spectrometer  and  recorded  by  either  a  charge 
coupled  device  (CCD)  camera  or  a  photomultiplier  tube  used 
in  conjunction  with  a  boxcar  averager. 

Strong  near-UV  laser  actions  from  the  GaN  samples 
were  observed  over  the  broad  temperature  range  from  10  K 
to  over  375  K  under  the  conditions  of  high-excitation  power 
densities.  The  laser  emission  light  was  found  to  be  transverse 
electric  (TE)  polarized  (along  the  direction  of  the  bar).  As  the 
temperature  was  increased,  the  lasing  peak  shifted  to  longer 
wavelength,  from  362  nm  at  10  K  to  381  nm  at  375  K.  The 
room-temperature  (295  K)  laser  emission  peak  position  was 
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FIG  2.  Lasing  spectra  taken  at  two  different  temperatures  from  a  sample 
with  a  cavity  length  of  200  jun.  The  longitudinal  modes  are  clearly  resolved. 


FIG  1  Emission  spectra  from  a  GaN  sample  with  a  cavity  length  of  330^m 
under  pump  power  densities  of  2.2  4,  1.3  and  0.8  The  curves  are 
vertically  displaced  for  clarity.  The  threshold  pump  power  density  4  was 
determined  to  be  1.2  MW/cm2  at  375  K.  The  insert  shows  the  excitation  and 
emission  configuration. 


found  to  be  373  nm.  The  full  width  at  half-maximum 
(FWHM)  of  the  lasing  peak  is  ~1  nm  at  10  K  and  broadens 
slightly  with  increasing  temperature.  In  Fig.  1  we  show  the 
emission  spectra  taken  at  a  temperature  well  above  room 
temperature  (375  K),  for  pumping  power  densities  above  and 
below  the  estimated  threshold  pumping  power  density.  Under 
the  condition  of  low  pump  power  intensities,  only  a  broad 
emission  spectral  structure  with  an  approximate  peak  posi¬ 
tion  of  376  nm  could  be  observed  (lower  curve).  Its  emission 
intensity  was  found  to  be  linearly  proportional  to  the  pump¬ 
ing  power  density,  indicating  that  the  broad  emission  struc¬ 
ture  is  of  the  typical  nature  of  spontaneous  emission.  As 
pumping  power  density  increases,  a  new  emission  feature 
with  a  much  narrower  line  shape  appears  at  the  low-energy 
shoulder  of  the  spontaneous  emission  structure.  The  emission 
intensity  of  this  new  spectral  feature  becomes  predominant 
as  the  pumping  power  density  is  increased  to  slightly  above 
the  lasing  threshold  (middle  curve).  The  strong,  narrow  emis¬ 
sion  exhibits  a  superlinear  increase  and  the  broad  emission 
background  is  totally  suppressed  as  the  pumping  power  den¬ 
sity  is  increased  further,  indicating  the  occurrence  of  laser 
action  in  the  sample.  For  example,  the  emission  intensity 
increased  by  almost  three  orders  of  magnitude  when  the 
pumping  power  density  was  increased  by  less  than  a  factor  of 
3  (upper  curve).  Meanwhile,  the  laser  emission  peak  shifts  to 
a  longer  wavelength  as  the  pumping  power  density  is  in¬ 
creased.  In  addition,  some  longitudinal  cavity  modes  could 
be  recognized  in  the  emission  spectra  shown  in  Fig.  1.  In 
order  to  better  resolve  the  longitudinal  cavity  modes  in  the 
emission  spectra,  a  sample  with  a  200  fixn  cavity  length  was 
used  and  different  spectra  were  captured  using  a  CCD  cam- 
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era  with  a  very  short  integration  time  (0.1  s).  Mode  hopping 
was  observed.  Figure  2  shows  two  typical  spectra  captured  at 
295  and  375  K.  The  irregular  appearance  of  the  spectra 
shown  in  Fig.  2  is  primarily  a  result  of  imperfections  in  the 
samples  edge  facets.  Spectral  quality  is  expected  to  improve 
greatly  after  the  samples  edge  facets  are  fine  polished  and 
reflective  coated.  The  mode  spacing  caused  by  the  200  /tm 
long  Fabry-Perot  resonant  cavity  is  about  0.2  nm,  which  is 
consistent  with  the  calculated  value  of  the  mode  spacing  de¬ 
termined  by  the  formula14,15 


AX  2  L{n-\0dn/d\)’ 


where  L  is  the  cavity  length,  \0  is  the  wavelength  of  one 
mode,  AX  is  the  spacing  of  an  adjacent  mode,  n  is  the  index 
of  refraction  at  \0,  and  dn/d\  is  the  variation  of  the  index  of 
refraction  with  wavelength. 

Figure  3  demonstrates  the  change  in  the  laser  emission 
intensity  for  a  sample  at  10  K  and  at  room  temperature  (295 
K)  as  the  pumping  power  density  is  increased.  The  emission 
intensity  was  measured  by  integrating  the  area  under  t  e 
emission  peak.  The  lasing  threshold  of  pumping  power  den¬ 
sity  for  these  two  different  temperatures  is  well  defined  by 
the  onset  of  the  increase  in  slope  of  the  emission  intensity 
versus  pumping  power  intensity  curve.  The  lasing  threshold 
was  found  to  be  ~0.5  MW/cm2  at  10  K  and  -0.8  MW/cm 
at  room  temperature.  One  interesting  finding  of  the  stu  y  is 
that  the  lasing  threshold  was  relatively  insensitive  to  the  tem¬ 
perature  change.  The  variation  of  the  lasing  threshold  as  a 
function  of  temperatures  is  plotted  in  Fig.  4.  We  note  a 
over  the  temperature  range  from  10  to  120  K  the  asing 
threshold  is  not  very  dependent  on  temperature.  As  the  tem 
perature  increases  further,  the  lasing  threshold  increases 
slowly.  The  threshold  increases  by  about  three  times  w  en 
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FIG.  3.  Emission  output  vs  optical  pumping  power  densities  at  10 
and  295  K. 

the  temperature  is  increased  from  10  to  375  K.  The  solid  line 
in  Fig.  4  represents  the  best  fit  of  the  experimental  data  to  the 
empirical  form16 

/th(T)=/0  expOT/To) 

for  the  temperature  dependence  of  the  lasing  threshold.  The 
characteristic  temperature  T0  was  estimated  to  be  230  K  over 
the  temperature  range  from  120  to  375  K  for  this  sample. 
This  value  of  T0  is  about  two  times  larger  than  that  of  II-  VI 
lasers  (r0  =  ~120  K  for  II-VI  lasers),  indicating  that  the 
lasing  threshold  is  less  sensitive  to  changes  in 
temperature.17,18  It  is  well  known  that  high-temperature  sen¬ 
sitivity  of  the  lasing  threshold  usually  limits  the  performance 
of  a  laser  under  high-temperature  operation.16  On  the  other 
hand,  a  weak  temperature  dependence  for  the  lasing  thresh¬ 
old  implies  that  the  high-temperature  performance  limit  for 


Temperature  (K) 

FIG.  4.  Variation  of  the  lasing  threshold  as  a  function  of  temperature.  The 
error  bars  indicate  the  fluctuations  in  pump  power  density.  The  solid  line  is 
the  best  fit  to  the  experimental  data  using  the  formula  /,h=/0  exp(T/230  K). 


laser  operation  can  be  significantly  expanded.  Therefore,  our 
results  suggest  that  GaN-based  laser  diodes  will  have  a  much 
higher  temperature  tolerance.  We  should  also  mention  that 
laser  action  was  observed  at  temperatures  as  high  as  425  K. 
However,  due  to  our  current  systems  limitations,  lasing  could 
not  be  studied  in  detail  at  these  higher  temperatures.  Further 
investigation  is  underway  to  study  higher  temperature  lasing 
effects. 

In  summary,  optically  pumped  near-UV  laser  action  in 
single-crystal  MOCVD  grown  GaN  samples  has  been  suc¬ 
cessfully  achieved  for  the  first  time  without  reflective  coating 
at  temperatures  ranging  from  10  to  over  375  K.  The  laser 
action  was  evidenced  by  the  spectral  narrowing  of  the  emis¬ 
sion  peak,  the  suppression  of  the  broad  emission  back¬ 
ground,  the  drastic  increase  in  emission  output  for  pump 
power  intensities  above  threshold,  and  the  clearly  resolved 
longitudinal  lasing  modes.  This  work  demonstrates  that  the 
laser  cavity  can  be  formed  by  simply  cutting  the  sample  into 
a  barlike  structure  without  a  need  for  polishing  or  reflective 
coating.  The  laser  emission  threshold  of  pumping  power  den¬ 
sity  was  measured  as  a  function  of  temperature  and  was 
found  to  exhibit  a  weak  temperature  dependence.  The  char¬ 
acteristics  of  the  temperature  dependence  of  the  lasing 
threshold  suggests  that  GaN  is  not  only  a  suitable  material 
for  the  development  of  UV  light  emitters,  but  that  it  is  also 
suitable  for  the  development  of  optoelectronic  devices  re¬ 
quired  to  operate  at  high  temperature. 
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Low-temperature  photoluminescence  (PL)  in  single-crystal  GaN  films  grown  on  sapphire  substrates 
by  metalorganic  chemical  vapor  deposition  has  been  studied  as  a  function  of  applied  hydrostatic 
pressure  using  the  diamond-anvil-cell  technique.  The  PL  spectra  of  the  GaN  at  atmospheric  pressure 
were  dominated  by  two  sharp,  strong,  near-band-edge  exciton  luminescence  lines  and  a  broad 
emission  band  in  the  yellow  spectral  region.  The  exciton  emission  lines  were  found  to  shift  almost 
linearly  toward  higher  energy  with  increasing  pressure.  While  the  yellow  emission  band  showed  a 
similar  blue  shift  behavior  under  applied  pressure,  a  relatively  strong  sublinear  pressure  dependence 
was  observed.  By  examining  the  pressure  dependence  of  the  exciton  emission  structures,  the 
pressure  coefficient  of  the  direct  F  band  gap  in  the  wurtzite  GaN  was  determined.  The  value  of  the 
hydrostatic  deformation  potential  of  the  band  gap  has  also  been  deduced  from  the  experimental 
results.  ©  1995  American  Institute  of  Physics. 


GaN-based  III-V  nitride  semiconductors  currently  at¬ 
tract  extensive  attention  for  their  potential  device 
applications.1"3  It  is  known  that  GaN  has  a  wurtzite  structure 
in  natural  form,  and  has  a  wide  direct  band  gap  of  —3.4  eV 
at  300  K,  which  provides  efficient  radiation  recombination. 
The  wavelength  of  radiation  from  GaN-based  materials  can 
be  turned  over  a  wide  range  from  visible  to  ultraviolet  by 
alloying  or  forming  heterostructures,  such  as  quantum  wells, 
with  other  nitrides  (AIN  and  InN).  These  merits  make  GaN 
and  its  based  nitrides  very  attractive  to  the  short-wavelength 
optical  applications  such  as  light  emitters  and  detectors  op¬ 
erating  in  the  blue  and  ultraviolet  wavelength  range.  The 
outstanding  thermal  and  chemical  stability  of  the  wide  band- 
gap  nitrides  also  allows  the  GaN-based  electronic  and  opto¬ 
electronic  devices  to  operate  at  high  temperatures  and  in  hos¬ 
tile  environments. 

Recently,  a  number  of  theoretical  studies  on  the  band 
structures  and  electronic  structures  of  impurities  and  native 
defects  in  GaN  have  been  performed.4"10  In  the  course  of 
these  studies,  the  pressure  coefficients  and  the  deformation 
potentials  for  the  band  gaps  of  the  III-V  nitrides  have  been 
estimated.4,6,8  So  far  there  have  been  little  experimental  de¬ 
termination  of  the  pressure  dependence  of  the  band  gap  for 
GaN  (which  is  the  most  important  compound  among  the 
III-V  nitrides).  To  our  knowledge,  there  has  been  only  two 
reported  studies  of  the  pressure  dependence  of  the  absorption 
edge  in  GaN.6,11  In  this  report,  we  present  the  results  of 
low-temperature  photoluminescence  (PL)  measurements  on 
wurtzite  GaN  with  applied  pressures  up  to  over  50  kbar.  The 
samples  were  single-crystal  GaN  epilayer  films  grown  by 
metalorganic  chemical  vapor  deposition  (MOCVD)  on  sap¬ 
phire  substrates.  The  photoluminescence  (PL)  spectra  of  the 
MOCVD  GaN  samples  were  dominated  by  strong,  narrow, 
near  band-edge  emission  structures  corresponding  to  the  ra¬ 
diative  decay  of  bound  and  free  excitons  and  a  broad  emis- 
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sion  band  in  the  yellow  spectral  region  (yellow  band)  with 
the  maxima  around  2.25  eV.  The  exciton  emission  lines  were 
found  to  shift  almost  linearly  toward  higher  energy  with  in¬ 
creasing  pressure.  While  the  yellow  emission  band  showed  a 
similar  blue  shift  behavior  under  applied  pressure,  a  rela¬ 
tively  strong  sublinear  pressure  dependence  was  observed. 
The  pressure  coefficients  for  the  observed  excitonic  emission 
lines  were  found  to  be  3.9  meV/kbar,  which  provides  a  direct 
measure  of  the  pressure  coefficient  of  wurtzite  GaN  direct  T 
band  gap.  The  experimental  value  of  the  hydrostatic  defor¬ 
mation  potential  of  the  band  gap  has  also  been  derived  from 
the  results. 

The  GaN  sample  used  in  this  work  was  a  nominally 
undoped  single-crystal. film  grown  by  metalorganic  chemical 
vapor  deposition  on  a  (001)  sapphire  substrate.  A  thin  AIN 
buffer  layer  of  —50  nm  was  deposited  on  the  substrate  at 
about  775  °C  before  the  growth  of  the  GaN  epilayer.  The 
GaN  layer  was  deposited  at  1040  °C  directly  on  the  AIN 
buffer.  The  thickness  of  the  GaN  layer  was  4.2  /mi.  The 
pressure-dependent  photoluminescence  (PL)  measurements 
were  carried  out  on  the  GaN  sample  using  a  gasketed  dia¬ 
mond  anvil  cell  (DAC).  In  order  to  accommodate  the  dimen¬ 
sions  of  the  DAC,  small  sample  pieces  with  sizes  of  —200 
X 200X50  /mi3  were  prepared  by  mechanical  polishing  and 
cutting  and  then  loaded  into  the  DAC.  The  cell  was  mounted 
onto  the  cold  finger  of  a  closed  cycle  refrigerator  and  cooled 
down  to  10  K  for  the  measurements.  PL  spectra  were  mea¬ 
sured  using  an  experimental  setup  consisting  of  a  HeCd  laser 
as  an  excitation  source  and  a  1  M  double-grating  monochro¬ 
mator  connected  to  a  photon-counting  system.  The  applied 
pressures  were  determined  by  the  standard  method  of  moni¬ 
toring  the  shift  of  the  ruby  R1  line. 

PL  spectra  of  the  GaN  measured  at  10  K  are  shown  in 
Fig.  1  for  a  few  selected  pressures.  The  PL  spectrum  taken  at 
atmospheric  pressure  from  the  GaN  sample  exhibits  the 
dominant  near-band-edge  exciton  transitions  and  a  broad¬ 
band  emission  structure  centered  in  the  yellow  spectral  re¬ 
gion.  Another  weak  broadband  luminescence  in  between  the 
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FIG.  1.  Photoluminescence  spectra  of  the  MOCVD  GaN  sample  at  10  K  are 
shown  for  selective  pressures.  The  inset  details  the  spectral  features  associ¬ 
ated  with  the  near  band-edge  exciton  transitions. 

exciton  emission  lines  and  the  yellow  band  was  also  ob¬ 
served  (in  the  blue-green  spectral  region).  The  inset  of  Fig.  1 
details  the  spectral  features  of  excitons  associated  with  the 
direct  band-gap  Fc—  Tv  transitions  in  GaN.  Temperature- 
dependent  PL  measurements  performed  on  the  sample  sug¬ 
gest  that  the  strongest  emission  line  at  3.4808  eV  (rBX)  can 
be  attributed  to  the  radiative  recombination  of  excitons 
bound  to  neutral  donors  and  the  one  at  3.4875  eV  (Tpx), 
together  with  the  weak  emission  shoulder  on  the  higher  en¬ 
ergy  side,  can  be  assigned  to  intrinsic  free-exciton  emission. 
The  intensity  of  FBX  emission  was  found  to  decrease  much 
faster  than  that  of  the  other  two  structures  located  at  higher 
energies.  It  became  hardly  resolved  when  the  temperature 
was  raised  to  above  100  K,  indicating  the  dissociation  of 
bound  excitons  due  to  thermal  effects,  whereas  the  emission 
structures  attributed  to  free  excitons  could  be  still  resolved  at 
temperatures  higher  than  200  K.  Under  applied  pressure, 
these  excitonic  spectral  features  and  the  broadband  emission 
in  the  yellow  spectral  region  were  found  to  shift  towards 
higher  energy  as  the  GaN  band-gap  increases.  The  intensity 
of  the  broad  yellow  emission  band  relative  to  that  of  the 
exciton  emissions  was  found  to  decrease  with  pressure. 
However,  the  influence  of  applied  pressure  on  the  broadband 
emission  structure  in  the  blue-green  spectral  region  was  to 
ambiguous  to  draw  any  conclusions  from  due  to  its  very 
broad  and  rather  complicated  line  shape. 

In  Fig.  2  we  plot  the  peak  energies  of  various  observed 
emission  structures  as  a  function  of  pressure.  The  energy 
position  of  the  broad  yellow  emission  band  maximum  was 
determined  by  fitting  its  lineshape  to  a  Gaussian  profile.  It 
shows  a  relatively  strong  sublinear  dependence  compared  to 
the  exciton  emissions.  The  solid  lines  in  the  figure  are  the 
least-squares  fits  to  the  experimental  data  using  the 
quadratic-fit  function 


FIG.  2.  Dependence  of  the  energy  positions  on  pressure  for  the  various 
observed  PL  transitions  in  the  GaN  sample. 

E{P)  =  E{0)  +  ctP  +  /3P2.  (1) 

It  is  known  that  the  emission  lines  associated  with  the  radia¬ 
tive  decay  of  a  free  exciton  or  a  shallow  bound  exciton  shifts 
with  the  host  semiconductor  band  gap  under  hydrostatic 
pressure  at  the  same  rate.  The  electron  stays  in  the 
conduction-band  edge  state  or  in  the  orbit  of  shallow  donor 
state  associated  with  the  conduction-band  edge  and  the  exci¬ 
tonic  hole  bound  in  the  Coulomb  field  retains  the  symmetry 
of  the  valence-band  edges.  Therefore,  the  change  of  the  in¬ 
tense  and  sharp  TBX  transition  with  pressure  plotted  in  the 
figure  provides  an  unmistakable  signature  of  the  direct  F 
band-gap  dependence  for  wurtzite  GaN.  The  best  fits  to  the 
data  yield  a  linear  slope  of  3.86X  10-3  eV/kbar  with  an  ex¬ 
tremely  small  sublinear  term  of  —  8  X  10“7  eV/kbar.2  Similar 
results  can  be  obtained  from  fitting  the  F^  transition  as  well. 
Table  I  lists  the  pressure  coefficients  for  the  emission  ener¬ 
gies  derived  from  the  fittings.  The  uncertainty  of  the  linear 
pressure  coefficient  is  ~~5X  10-5  eV/kbar,  primarily  coming 
from  the  error  bar  of  pressure  calibration  (within  ±0.2  kbar) 
as  well  as  the  possible  pressure-induced  change  of  the  exci¬ 
ton  binding  energy,  which  arises  from  an  increasing  electron 
effective  mass  and  a  decrease  in  the  dielectric  constant  as  the 
band  gap  increases.6,12,13  The  pressure  coefficient  of  GaN 


TABLE  I.  Pressure  coefficients  of  the  various  emission  structures  observed 
in  the  wurtzite  GaN  sample  studied  in  this  work. 


E{P  =  0) 
(eV) 

(x  =  dEldP 
(10-3  eV/kbar) 

P  =  d2E/dP1 
(1(T5  eV/kbar2) 

Bound  exciton  (FBX) 

3.4808 

3.86 

-0.08 

Free  exciton  (Tpx) 

3.4875 

3.90 

-0.18 

Yellow  band 

2.25  ±0.01 

4.0 

-2.0 
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bafld  gap  reported  here  is  smaller  than  those  reported  in  other 
studies  of  GaN  involving  absorption  measurements  under 
pressure,6,11  where  a  linear  pressure  dependence  of 
4:2 X  10“ 3  eV/kbar  was  obtained  at  77  K  for  pressures  below 
10  kbar11  and  a  nonlinear  pressure  dependence  of  Eg(P) 
=  £^(0)  +  4.7X  10“3P-  1.8X  \0~5P2  eV  was  deduced  at 
300  K  for  pressures  over  50  kbar.6  We  suggest  that  the  dis¬ 
crepancy  between  our  results  and  those  reported  may  result 
from  the  difficulty  in  accurately  determining  the  transition 
energies  in  broad  optical  absorption  curves.  Therefore,  we 
regard  the  dependence  of  the  direct  T  band  gap  on  pressure 
derived  from  Fig.  2  as  a  more  accurate  and  reliable  result. 

The  application  of  hydrostatic  pressure,  inducing  a  shift 
of  the  conduction-band  edge  relative  to  the  valence-band 
edge  due  to  a  change  in  the  volume,  allows  a  direct  estima¬ 
tion  of  the  hydrostatic  deformation  potential  for  the  direct  F 
band  gap  of  wurtzite  GaN.  The  deformation  potential  is  de¬ 
fined  as  a-dEId  In  V.  The  variation  of  the  band  gap  with 
pressure  can  also  be  appropriately  expressed  in  terms,  up  to 
the  second  order,  of  the  relative  volume  change, 

A  E  =  a[(V-V0)/V]+y[(V-V0)fV]\  (2) 

where  V  is  the  volume,  V0  is  the  volume  at  atmospheric 
pressure,  a  is  the  hydrostatic  deformation  potential  for  the  F 
band  gap,  and  y  is  the  quadratic  dependence  of  the  band  gap 
on  the  relative  volume  change.  The  relative  volume  change 
caused  by  applied  pressure  can  be  related  by  the  Mumaghan 
equation  of  state:14 

P  =  (BQIBi)[(V0!V)B  5-1],  (3) 

where  B0  is  the  bulk  modulus  of  the  wurtzite  GaN  and  B'0  is 
its  pressure  derivative  ( =  dB/dP ).  By  fitting  the  experimen¬ 
tal  data  to  Eq.  (2),  using  recently  reported  values  of 
50  =  2370±310  kbar  and  Bq  =  4.3±2,15  the  deduced  hy¬ 
drostatic  deformation  potentials  for  the  direct  T  band  gap  of 
wurtzite  GaN  were  found  to  be  a=-9.2±1.2  eV  and 
y=16.6±9  eV.  This  experimental  value  of  A  is  comparable 
to  the  theoretical  value  predicted  by  self-consistent  linear 
muffin-tin-orbital  band-structure  calculations.6,8  However,  it 
should  be  pointed  out  that  the  estimated  experimental  value 
might  represent  a  lower  limit  of  the  deformation  potential 
since  it  was  obtained  by  using  the  value  of  the  bulk  modulus 
obtained  at  room  temperature  to  fit  experimental  data  ob¬ 
tained  at  10  K.  This  was  done  because  a  low-temperature 
value  is  not  available  at  present.  The  bulk  modulus  for  a 
given  material  is  generally  expected  to  increase  with  decreas¬ 
ing  temperature. 

The  broadband  yellow  emission  spectral  structure  could 
be  commonly  observed  in  the  PL  spectra  of  nominally  un¬ 
doped  GaN  single  crystals  regardless  of  the  crystal  growth 
technique.16-20  More  strikingly,  this  band  was  observed  in 
samples  implanted  with  a  variety  of  atomic  species.21  These 
results  have  led  to  the  general  belief  that  the  broadband 
emission  in  yellow  spectral  region  involves  defects.  Recent 
theoretical  studies  on  the  electronic  structures  of  impurities 
and  native  defects  in  GaN  have  suggested  that  point  defects, 
such  as  antisites  and  vacancies,  play  important  roles.22-25  In 
particular,  Tansley  et  ai  attributed  the  broadband  yellow 
emission  to  transitions  involving  |$)-like  levels  associated 


with  NCa  antisite  defects  and  the  top  of  the  valence  band.23 
This  attribution  seems  to  be  consistent  with  the  dependence 
of  the  yellow  emission  band  on  pressure  reported  here.  On 
the  other  hand,  the  pressure  dependence  of  the  yellow  emis¬ 
sion  is  also  consistent  with  the  transmissions  involving  shal¬ 
low  donors  and  deep  acceptors  in  broad  terms.  Nevertheless, 
further  theoretical  and  experimental  studies  are  necessary  to 
investigate  the  microscopic  nature  of  the  broadband  yellow 
emission  in  GaN. 

In  conclusion,  we  have  studied  low-temperature  photo¬ 
luminescence  in  wurtzite  GaN  as  a  function  of  pressure.  The 
pressure  coefficient  and  the  hydrostatic  deformation  potential 
for  the  direct  T  band  gap  of  GaN  have  been  deduced  from 
the  dependencies  of  the  near  band-edge  impurity-bound  and 
intrinsic  exciton  transitions  on  pressure.  Our  results  yield  the 
variation  of  the  F  band  gap  with  pressure  to  be 
A£^(P)  =  3.9X10"3P-1.0X10“6/>2  eV  and  the  value  of 
the  deformation  potential  to  be  a=-9.2±1.2  eV.  The  broad¬ 
band  emission  observed  in  the  yellow  spectral  region  at  at¬ 
mospheric  pressure  was  found  to  exhibit  a  similar,  but  rela¬ 
tively  strong  sublinear  dependence,  on  pressure  compared  to 
the  exciton  emissions.  The  results  are  consistent  with  propos¬ 
als  that  defect  states  are  responsible  for  the  broadband  yel¬ 
low  emission  in  GaN. 
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Using  picosecond  Raman  scattering,  hot-phonon  occupation  numbers  [N)  of  GaAs  and  GaAs-like  LO 
phonons  have  been  studied  over  a  wide  range  of  structural  parameters  in  more  than  30 
GaAs/Al x  Ga  i  -  *  As  superlattices.  In  addition,  simultaneous  measurements  of  these  LO  phonon  modes 
in  bulk  GaAs  and  Al^Ga^As  alloys  are  made  for  comparison.  N  values  of  both  GaAs  and  GaAs-like 
modes  of  the  superlattices  are  comparable  to  or  larger  than  those  of  bulk  GaAs  or  Al^Ga^As  alloys 
for  x  <  0. 2.  On  the  other  hand,  N  values  of  GaAs  or  GaAs-like  LO  phonons  are  much  smaller  for 
x  >0.35,  unless  the  barrier  widths  are  very  thin  {<  15  A).  The  implications  of  our  results  on  spatial 
properties  of  LO  phonons  are  discussed  and  compared  with  relevant  theoretical  and  experimental  stud¬ 
ies. 


Spatial  properties  (or  coherence  lengths)  of  LO  pho¬ 
nons  in  GaAs/Al^Gaj^As  superlattices  (SL’s)  as  a  func¬ 
tion  of  x  or  layer  thicknesses  have  attracted  some  atten¬ 
tion  over  the  last  decade.  15  There  is  now  general 
agreement  that  an  infinite-barrier  picture  can  be  used  for 
LO  phonons  in  GaAs/AlAs  superlattices  because  of  the 
relatively  large  energy  separation  ( « 100  cm-1)  between 
the  optical  phonons  in  GaAs  and  ALAs. 

While  phonon  properties  of  GaAs/AlAs  SL’s  have 
been  extensively  studied  using  Raman  scattering,16'18 
those  of  GaAs/Al^Gaj^^As  SL’s  are  more  complicated 
because  of  the  two-moded  behavior  of  optical  phonons  in 
A1*Gai-;cAs  alloys.  In  GaAs/AL.Ga^  As  SL’s,  GaAs 
and  GaAs-like  LO  phonons  are  much  more  likely  to  be 
bulklike  and  propagating  compared  with  LO  phonons  in 
GaAs/AlAs  SL’s.  This  is  because  GaAs-like  LO  pho¬ 
nons  of  Al^Ga^^As  lie  very  close  in  energy  to  GaAs  LO 
phonons,  so  that  the  barrier  height  in 
GaAs/Al^Ga^^As  SL’s  for  x  <0. 3  is  much  smaller  (for 
instance,  « 10  cm”1  or  less  for  x  <0.3). 

In  this  paper,  we  have  measured  N  for  GaAs  LO  pho¬ 
nons  by  picosecond  Raman  scattering  in  over  30 
molecular-beam-epitaxy  grown  SL’s  with  various  x 
(0.10  <x  <  1),  well  width  (70  <Lb  <  150  A),  and  bar¬ 
rier  width  Lb  (5<Lb  <  150  A)  at  20  K.  The  laser  mainly 
used  was  the  second  harmonic  of  a  mode-locked 
Nd:YAG  (yttrium  aluminum  garnet)  laser  (2.33  eV,  1.5 
ps),  as  well  as  a  synchronously  pumped  dye  laser  (1.9-2.1 
eV,  1.5  ps).  With  these  exciting  photon  energies,  hot- 
electron  relaxation  that  generates  hot  phonons  occurs 


mostly  above  the  alloy  barrier  in  most  of  the  samples  in¬ 
vestigated.  N  was  found  to  be  sensitive  to  both  x  and  Lb : 
when  x  5  0. 2,  bulklike  occupation  numbers  for  both 
GaAs  and  the  GaAs-like  LO  phonons  are  observed  in  all 
ranges  of  Lb  and  Lz ,  while  when  x  >0.35,  N  values  of 
GaAs  LO  phonons  are  much  smaller  when  Lb>  15  A, 
typically  at  10-20  %  that  of  bulk  GaAs.  These  small 
values  are  comparable  to  those  of  a  GaAs/AlAs  SL 
{Lz—Lb  — 100  A),  where  LO  phonons  are  believed  to  be 
perfectly  confined.  When  the  barriers  are  very  thin  (  <  15 
A),  a  bulklike  N  is  again  recovered  even  for  x>0,35. 
These  results  can  be  summarized  in  a  two-dimensional 
phase  diagram  (Fig.  3)  where  regions  of  bulklike  N  and 
the  (GaAs/AlAs  SL)-like  N  are  well  separated  in  the 
two-dimensional  phase  diagram  of  x  and  Lb.  Our  results 
can  be  explained  qualitatively  (and  also  somewhat  quanti¬ 
tatively,  see  Fig.  4)  if  we  assume  that  the  confined 
Raman-active  LO  phonons  in  the  well  eventually  become 
propagating  and  Bloch  wave  functionlike,  with  their 
coherence  length  £  much  larger  than  the  well  widths. 
This  interpretation  is  in  good  agreement  with  some  of  the 
recent  theoretical  studies.7”10 

In  Fig.  1(a),  the  Stokes  and  anti-Stokes  Raman  spectra 
of  GaAs  and  GaAs-like  LO  phonons  of  a 
GaAs/Al0  2Ga0 8As  SL  {Lx—Lb~10  A,  20  periods)  at  20 
K  are  plotted.  GaAs  and  GaAs-like  modes  of  the 
GaAs/Al0  2Ga0  8As  superlattice  are  reasonably  well 
resolved  with  a  separation  of  «7  cm”1.  By  comparing 
the  Raman  intensities  around  ±295  and  ±288  cm”1,  or 
by  deconvoluting  the  spectra,  N  values  of  both  GaAs  and 
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GaAs-Uke  modes  are  obtained.  Resonant  Raman  correc¬ 
tions  in  obtaining  N  are  relatively  small  in  our  samples 
due  to  the  off-resonance  excitation  conditions  used.  Both 
of  these  modes  have  values  of  N  that  are  only  slightly 
smaller  than  that  of  bulk  GaAs  also  in  the  same  cryostat 
and  larger  than  that  of  Al0  2Ga0  8As.  Therefore,  from  the 
point  of  view  of  hot-phonon  generation,  both  GaAs  and 
GaAs-like  LO  phonons  in  this  SL  are  essentially  bulklike 
when*  =0.2. 

In  Fig.  1(b),  the  Stokes  and  anti-Stokes  Raman  spectra 
of  GaAs  and  GaAs-like  LO  phonons  of  a 
GaAa/Ala4Gaa6As  SL  {Lx  =  100  A,  Lb  =  50  A,  30 
periods)  at  20  K  are  plotted.  In  this  sample,  the  barrier 
height  is  «15  cm”1,  as  can  be  readily  seen  from  the 
Stokes  Raman  spectrum.  N  values  of  both  GaAs  and 
GaAs-like  LO  phonons  are  much  smaller  than  those  of 
bulk  GaAs  or  the  GaAs/Alo  2GaQ  8As  SL,  but  is  compa¬ 
rable  to  that  of  a  GaAs/AlAs  SL  with  =£,*  =  100  A. 
Thus,  N  values  of  both  GaAs  and  GaAs-like  LO  phonons 
in  this  SL  are  confined  phononlike. 

Because  of  the  relatively  low  power  densities  (  <  1017 
cm"3)  we  used,  N  is  much  less  than  1  and  Unear  with  the 
laser  power  P .  Therefore,  experimental  errors  are  re¬ 
duced  by  comparing  the  normalized  hot-phonon  genera¬ 
tion  efficiency  dN /dP  between  SL’s  and  bulk  GaAs  in¬ 
stead  of  comparing  N.  In  Fig.  2,  the  normalized  (to  bulk 
GaAs)  hot-phonon  generation  efficiency  dN  /dP  for 


Raman  shift  (cm  1) 

FIG.  1.  The  Stokes  and  anti-Stokes  Raman  spectra  of  GaAs 
and  GaAs-like  LO  phonons  (a)  in  a  GaAs/Alo^Ga^As  SL 
(Lz=Lb=10  A,  20  periods)  sample,  and  (b)  in  a 
GaAs/Alo.4Gao.6As  (Lr  =  100  A,  L*  =  50  A,  30  periods)  SL. 
Both  samples  are  measured  under  identical  conditions,  together 
with  bulk  GaAs. 


FIG.  2.  Hot-phonon  generation  efficiency  normalized  to 
GaAs,  plotted  as  a  function  of  Lb  for  x  =  1  (empty  circle), 
x  =0.4  (filled  inverted  triangle),  x=0.2  (filled  circle),  and 
x  =0. 12  (empty  inverted  triangle).  Broken  lines  are  a  guide  to 
the  eye. 

GaAs  LO  phonons  of  SL’s  are  plotted  against  Lb  for  four 
series  of  SL’s  (x=l,  0.4,  0.2,  and  0.12)  with  fixed 
Lz  =  100  A.  There  is  a  clear  Lb  -dependent  transition 
from  bulldike  efficiencies  to  much  smaller  efficiencies  in 
the  two  series  with  x=0.4  or  1.  Only  bulldike 
efficiencies,  however,  are  observed  for  aU  Lb  s  in  the  two 
series  with  x=0.2  and  0.12.  GaAs  and  GaAs-Uke  peaks 
are  well  resolved  in  Raman  spectra  up  to  x  =0.2  [Fig. 
1(a)],  whereas  it  is  difficult  to  separate  them  when 
x  =0. 12  due  to  the  finite-band  width  (6  cm-1)  of  our  pi¬ 
cosecond  pulses.  Therefore,  dN /dP  for  the  x  =0. 12 
series  should  be  regarded  as  the  averaged  generation 
efficiency  of  GaAs  and  GaAs-Uke  modes. 

For  most  sample  parameters  in  Fig.  2,  the  normaUzed 
generation  efficiency  is  either  bulkUke  {dN/dP>  0.6)  or 
comparable  to  those  of  GaAs/AlAs  SL’s  (dN /dP  <0.2). 
This  holds  true  for  other  series  not  shown  here  as  well. 
Therefore,  we  can  easily  visuaUze  our  results  in  a  parame¬ 
ter  space  of  x  and  Lb  as  a  phase  diagram  (Fig.  3),  where 
the  Une  is  a  guide  to  the  eye,  around  which  N  (or  dN/dP) 
changes  from  bulkUke  values  to  confined  phononlike 
values,  or  vice  versa.  For  comparison,  the  differences  be¬ 
tween  the  energies  of  GaAs  LO  phonons  (295  cm-1)  and 
the  GaAs-Uke  LO  phonons,  which  act  as  barrier  heights, 
are  indicated  for  several  x  values  in  the  upper  part  of  Fig. 
3.  It  is  clear  that  when  the  barrier  height  is  smaller  than 
«10  cm”1  (x^0.3),  LO  phonons  become  bulklike,  at 
least  from  the  point  of  view  of  hot-phonon  generation. 
This  critical  barrier  height  (or  critical  x)  of  «10  cm”1 
(or  x  « 0.3)  is  in  good  agreement  with  the  theoretical  re¬ 
sults  of  Refs.  8  and  10.  Furthermore,  these  results  are  in 
qualitative  agreement  with  Ref.  13,  where  it  was  found 
that  1  ML  of  AlAs  can  stop  the  propagation  of  GaAs  LO 
phonons  into  the  adjacent  GaAs  layer,  while  they  propa¬ 
gate  through  Al^Gaj^As  monolayers  with  small  x’s. 
From  these  discussions,  it  is  clear  that  the  confined-to- 
propagation  (or  small-to-large  f)  transition  of  LO  pho¬ 
nons  as  an  explanation  of  our  results  warrants  some  fur¬ 
ther  consideration. 
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It  should  be  noted  that  for  samples  with  small  Lb s 
('<20  A)  in  Figs.  2  and  3,  the  decrease  in  the  effective  x9 
resulting  from  the  diffusion  of  A1  atoms,19,20  might  be 
non-negligible.  Such  decrease  in  effective  x  is  expected  to 
vshift  the  phase  diagram  shown  in  Fig.  3  somewhat, 
■without  changing  the  overall  interpretation. 

In  the  following,  we  perform  simple  calculations  that 
illustrate  that  the  large  increase  in  N  as  x  or  Lb  become 
small  can  be  explained,  at  least  qualitatively,  by  the 
confined-to-propagation  transition.  In  Fig.  4(a),  a  hot- 
phonon  distribution  curve  at  t  —  1  ps  that  results  from 
the  relaxation  of  hot  electrons  in  bulk  GaAs  excited  at 
^:=0  by  a  5-function  pulse  is  shown,  where  the  hot- 
phonon  occupation  number  Nq  of  a  phonon  mode  with  a 
wave  vector  q  is  plotted  against  g.21,22  In  obtaining  this 
curve,  we  assumed  a  parabolic  band  with  an  initial  excess 
^energy  of  hot  electrons  at  500  meV.  An  instantaneous 
thermalization  was  assumed  and  the  intervalley  scatter¬ 
ing  into  X  and  L  valleys  was  included.22  All  of  the  above 
^assumptions  or  the  specific  values  of  the  excess  energy, 
electron- LO-phonon  scattering  times,  or  intervalley 
scattering  times,  can  be  relaxed  without  changing  the 
^overall  hot-phonon  distribution  curve.  This  is  essentially 
because  the  shape  of  the  hot-phonon  distribution  curve  is 
:  determined  mostly  by  the  energy-momentum  conserva¬ 
tion  of  electron -LO-phonon  scattering  (which  explains 
the  cutoff  at  small  q)  and  the  Frohlich  matrix  element 
1/q2  (which  explains  the  rapid  decrease  in  Nq  with  in¬ 
creasing  q).  Note  that  the  peak  of  the  hot-phonon  distri¬ 
bution  curve  occurs  nearly  at  q~qQ,  which  is  the 
Raman-active  wave  vector  of  bulk  GaAs  ( ~9X  105  cm-1 
at  the  backscattering  geometry  with  photon  energy  of 
2.33  eV).  Thus  in  bulk  GaAs ,  we  probe  approximately  the 
maximum  occupation  number  of  the  hot-photon  distribu¬ 
tion  curve . 
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FIG.  3.  A  phase  diagram  of  sample  parameters  x  and  Lb 
summarizing  our  results.  The  lines  serve  as  a  guide  to  the  eye, 
around  which  N  changes  rather  rapidly.  The  energy  differences 
of  GaAs  and  GaAs-like  LO  phonons  are  denoted  as  arrows  for 
several  x  values  on  top  of  the  figure. 


We  further  assume  that  hot-electron  relaxation  in 
GaAs/Al^Ga^As  SL’s  is  bulklike.  This  drastic 
simplification  is  somewhat  justified  by  the  fact  that  the 
initial  total  excess  energy  (  «800  meV  above  the  band 
gap)  far  exceeds  the  alloy  barrier  height  for  0.2  <x  <0.3 
(roughly  200-300  meV).  We  can  then  easily  calculate  the 
hot-phonon  occupation  number  of  an  arbitrary  phonon 
mode  simply  by  averaging  the  hot-phonon  distribution 
curve  of  Fig.  4(a)  weighed  by  the  Fourier  transform  of  the 
phonon  wave  function.  We  now  show  how  phonon 
confinement  and  propagation  can  change  the  observed  N. 
The  Raman-active  first  confined  LO-phonon  mode  can  be 
represented  by  the  following  simple  wave  function  and 
Fourier  transform  of  it: 

vpc=  0 <z  <LZ  y  (1) 

L- 


I  F(q)\2 


l+cos(^Lz) 


(2) 
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FIG.  4.  (a)  A  hot-phonon  distribution  curve  resulting  from 
hot-electron  relaxation  in  bulk  GaAs  calculated  from  Ref.  22. 
(b)  Absolute  square  of  the  Fourier-transformed  phonon  wave 
function  \F{q)\  for  the  Bloch  wave  function  (thick  lines)  or  the 
confined  wave  function  [thin  lines,  from  Eq.  (2)]  are  shown,  (c) 
A  schematic  diagram  illustrating  the  change  in  N  when  a 
confined-to-propagation  transition  occurs,  calculated  from  the 
results  plotted  in  (a)  and  (b). 
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From  Eq.  (2)  denoted  by  thin  lines  in  Fig.  4(b)  and  the  re¬ 
sults  of  Fig.  4(a),  we  obtain  the  normalized  N  of  0.1 1  for 
the  confined  phonon  of  Eq.  (1)  [Fig.  4(c)].  Such  a  small  N 
is  a  combined  result  of  the  relatively  wide  |F(^)|2  of  Eq. 
(2)  resulting  from  small  coherence  length  £  of  confined 
phonons,  and  the  sharp  decrease  of  Nq  with  increasing  q. 
When  phonons  become  propagating  and  thus  can  be 
represented  by  Bloch  wave  functions,  the  dominant 
Raman-active  wave  function  off  resonance  can  be 
represented  by 

V0=txp(iq0z)U(z)  .  (3) 

U(z)  is  an  even,  periodic  function  with  period  of  Lz+Lb. 
The  Fourier  transform  F(q)  of  this  wave  function  would 
show  a  dominant  peak  at  qQ  and  weaker  ones  at 
\q0±2ir/{Lz+Lb)\,  \q0±^/(Lz+Lb  )|,  .  . .,  as  shown 
with  thick  lines  in  Fig.  4(b)  for  Lz  =Lb  =  100  A.  For  sim¬ 
plicity,  we  assume  that  \F(q)\2  are  1  and  0.3  for  q0  and 
\q0±2ir/(Lz+Lb)\9  respectively,  and  zero  for  the  rest  of 
the  Fourier  components.  The  resulting  N  is  much  larger 
than  that  of  the  confined  phonon,  at  65%  of  the  bulk 
value  Nq  [q~qf).  This  results  directly  from  the  fact  that 
|ir(^)|  peaks  sharply  at  q0  for  the  Bloch  wave  function  of 
Eq.  (3),  so  that  bulklike  N  results  [Fig.  4(c)].  It  should  be 
stressed  that  this  bulklike  N  is  not  a  result  of  choosing 
specific  values  for  \F(q)\2.  Rather,  any  Bloch  wave  func¬ 
tion  of  Eq.  (3)  with  an  even  U(z)  is  dominated  by  the 
bulk  Raman-active  Fourier  component  q  ~qQ  and,  there¬ 
fore,  would  result  in  bulklike  N. 

The  calculations  shown  in  Fig.  4,  although  simplistic, 
illustrate  that  the  confined-to-propagating  transition  of 
LO  phonons  is  certainly  a  feasible  explanation  for  the 
bulklike  N  observed  for  small  x  and  Lb .  It  should  be  not¬ 
ed  that  to  observe  bulklike,  large  N ,  it  is  not  necessary  to 
have  such  a  well-defined  Bloch  wave  function  of  Eq.  (3). 
Rather,  any^  U(z)  whose  spatial  extent  is  larger  than 
tt/(?0«330  A  would  result  in  bulklike  N,  which  is  self- 
evident  from  our  Fourier-transform  arguments.  Thus 
bulklike  or  propagating  in  the  context  of  hot-phonon 
generation  is  somewhat  relaxed  (i.e.,  £>330  A)  from  the 
perfect  Bloch  wave  function.  Our  hot-phonon  technique 
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and  interpretation,  compared  with  the  theoretical  and  ex¬ 
perimental  cw  Raman  studies  performed  on  thin  SL  sam¬ 
ples,11-13  provide  a  complementary  approach  to  the  prob¬ 
lem  of  spatial  properties  of  LO  phonons.  With  its  large 
dynamic  range,  which  essentially  stems  from  the  rapidly 
changing  hot-phonon  distribution  curve  near  the  zone 
center,  this  technique  can  be  particularly  useful  for  most 
widely  used  quantum  wells  of  « 100  A,  where  observa¬ 
tion  of  multiple  peaks  is  extremely  difficult  due  to  flat 
dispersion  at  the  zone  center. 

Our  phase  diagram  shown  in  Fig.  3,  when  interpreted 
as  separating  regions  of  confined  or  propagating  LO  pho¬ 
nons,  is  in  good  agreement  with  recent  theoretical  calcu¬ 
lations  of  Colombo,  Molteni,  and  Miglio,  where  a  strong 
increase  in  theoretical  Raman  intensity  for  x  <0.3  in  in¬ 
terpreted  as  the  onset  of  propagating  LO  phonons.8’10  Di¬ 
agrammatic  perturbative  studies  of  Fertig  and  Reinecke 
are  also  in  general  agreement  with  our  results  and  inter¬ 
pretation,  although  a  change  of  LO-phonon  properties 
with  x  is  less  abrupt  in  their  studies.  Furthermore,  the 
existence  of  the  critical  alloy  concentration  x  («0.3) 
might  suggest  that  GaAs  LO  phonons  in  these  SL’s  prop¬ 
agate  via  percolation.23 

In  conclusion,  we  have  performed  an  extensive  pi¬ 
cosecond  Raman-scattering  study  of  LO  phonons  in 
GaAs/AlxGa1_xAs  superlattices.  Large,  bulklike  pho¬ 
non  occupation  numbers  are  observed  when  x  <0.2  for 
all  sample  parameters,  while  much  smaller  values  of  N 
comparable  to  those  of  GaAs/AlAs  SL’s  are  observed  for 
x>0.3.  These  results  can  be  qualitatively  explained  by 
assuming  that  LO  phonons  undergo  confined-to- 
propagation  (or  small-to-large  £)  transition  around 
x  « 0.2-0. 3.  Our  results  are  in  good  agreement  with  re¬ 
cent  theoretical  investigations. 
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Eu  is  incorporated  into  CaF2  films  grown  on  Si(  100)  by  molecular  beam  epitaxy  using  elemental  Eu 
evaporation.  Eu  doping  as  high  as  4.05  at.  %  does  not  significantly  degrade  the  surface  morphology, 
indicating  a  relatively  high  solubility  of  Eu  in  CaF2.  Photoluminescence  spectra  from  Eu-doped 
CaF2  show  strong  blue  emissions  from  Eu2+  ions  in  cubic  sites.  The  inhomogeneous  broadening  of 
the  zero-phonon  line  near  24  190  cm-1  is  reduced  by  —20%  upon  in  situ  annealing  at 
1100  °C.  ©  1995  American  Institute  of  Physics. 


The  increasing  interest  in  the  incorporation  of  rare-earth 
(RE)  elements  in  epitaxial  thin  films  of  the  alkaline-earth 
fluorides  is  motivated  by  potential  applications  in  solid  state 
microfilm  or  microcavity  lasers.  Growth  of  these  materials 
on  Si  substrates  offers  potential  compatibility  with  Si-based 
technology.  Nd-  and  Er-doped  CaF2  films  grown  on  Si  sub¬ 
strates  by  molecular  beam  epitaxy  (MBE)  have  exhibited 
strong  photoluminescence  at  1.04  /*m  and  1.54  /tm, 
respectively.1-3  Eu-doped  CaF2  bulk  crystals  have  been  ex¬ 
tensively  investigated4-9  for  use  as  blue  emission  devices 
since  a  strong  fluorescence  at  420  nm  is  observed  upon  UV 
irradiation.  Although  laser  action  in  Eu-doped  CaF2  bulk 
crystals  is  hindered  by  excited  state  absorption,10  such  films 
can  be  used  as  light  emitters  in  multicolor  thin-film  electrolu¬ 
minescence  devices.1 1  Recently,  Eu2+  incorporated  in  CaF2 
films  grown  on  Si(l  11)  substrates  by  MBE  has  been  used  as 
a  sensitive  probe  of  elastic  strain  in  the  heteroepitaxial 
layers. 12,13  As  reported,  the  growth  of  the  Eu-doped  CaF2 
films  was  carried  out  by  sublimation  of  a  CaF2  single  crystal 
containing  0.05%  divalent  Eu. 

In  this  letter,  we  present  the  MBE  growth  of  Eu-doped 
CaF2  on  Si(I00)  substrates  using  elemental  Eu  evaporation. 
The  incorporation  of  Eu  in  epitaxial  CaF2  films  was  investi¬ 
gated  by  x-ray  photoelectron  spectroscopy  (XPS),  reflection 
high-energy  electron  diffraction  (RHEED),  and  photolumi¬ 
nescence  (PL)  measurements.  We  demonstrate  that  Eu  con¬ 
centrations  as  high  as  4.05  at.  %  do  not  significantly  degrade 
the  surface  morphology,  indicating  a  relatively  high  solubil¬ 
ity  of  Eu  in  the  CaF2  matrix.  PL  spectra  from  Eu-doped 
CaF2  show  a  strong  blue  to  violet  emission  expected  from 
Eu2+  ions  in  cubic  sites.  In  situ  post-growth  annealing  im¬ 
proves  the  morphology  of  the  films  and  reduces  the  inhomo¬ 
geneous  broadening  of  the  zero-phonon  line  of  Eu2+  inter¬ 
configuration  transitions. 

Growth  of  Eu-doped  CaF2  on  Si(100)  was  carried  out  in 


"‘Electronic  mail:  fangCcP mailhost.ccn.uoknor.edu 


an  Intevac  Modular  GEN  II  MBE  system  with  a  background 
pressure  of  —10“ 10  Torr  throughout  the  deposition.  The 
3-inch  diameter  /?- type  Si(100)  substrates  (Silicon  Sense, 
Inc.)  were  cleaned  using  the  Shiraki  method.14  The  passivat¬ 
ing  oxide  formed  during  the  ex  situ  cleaning  procedure  was 
thermally  desorbed  in  the  growth  chamber  after  several  min¬ 
utes  at  —  1 100  °C.  A  surface  prepared  in  this  manner  exhibits 
no  discernible  oxygen  or  carbon  traces  as  examined  by  Au¬ 
ger  electron  spectroscopy.  High  purity  polycrystalline  CaF2 
was  evaporated  from  a  graphite-coated  PBN  crucible  at  a 
typical  growth  rate  of  20  A  /min  for  a  cell  temperature  of 
1300  °C.  An  elemental  source  of  Eu  was  evaporated  from  a 
separate  low-temperature  effusion  cel!  heated  to  300-400  °C 
to  give  beam  equivalent  pressures  of  3.5X10“'°- 
1.9X10“*  Torr. 

CaF2  films  grown  on  Si(100)  are  known  to  always  ex¬ 
hibit  a  {1 1 1}  faceted  morphology  because  the  surface  energy 
of  the  CaF2(100)  face  is  much  larger  than  for  Si(100)  and 
CaF2(  Ill)  faces.15  However,  growth  morphology  and  crys¬ 
talline  quality  can  be  improved  by  in  situ  annealing.16,17  In 
our  experiments,  a  400  A  CaF2  buffer  layer,  a  3600  A  Eu- 
doped  CaF2  layer,  and  a  200  A  CaF2  top  layer  were  deposited 
on  a  Si(100)  substrate  at  580  °C.  Most  of  the  samples  in  this 
work  were  annealed  in  situ  at  1100  °C  for  a  few  minutes  at 
the  end  of  growth. 

XPS  experiments  were  conducted  at  room  temperature 
in  an  adjoining  analysis  chamber  to  eliminate  complications 
caused  by  exposure  to  the  atmosphere.  This  chamber  is 
equipped  with  a  VG100AX  hemispherical  analyzer  and  a 
twin-anode  x-ray  source  used  in  conjunction  with  a  VGX900 
data  acquisition  system  (Fisons  Instruments).  XPS  spectra 
were  taken  using  the  A1  Kai  2  source  (hu=  1486.6  eV)  at  a 
potential  of  15  kV  and  with  10  mA  emission  current.  The 
binding  energies  were  referenced  to  F  \s  at  684.5  eV. 
RHEED  patterns  were  produced  using  a  Varian  electron  gun 
operated  at  9.5  keV  and  at  an  angle  of  incidence  of  1°  to  3° 
and  digitized  using  a  CCD  camera  and  data  acquisition  soft¬ 
ware  developed  by  k- space  Associates,  Inc.  Photolumines- 
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FIG.  4.  PL  spectra  of  (a)  annealed  at  —1100  °C  and  (b)  as-grown  Hu-doped 
CaF2  films  grown  under  the  same  conditions  and  with  the  same  Eu  concen¬ 
tration  of  -0.77  at  %.  The  full  widths  at  half-maximum  of  the  zero-phonon 
lines  are  38  cm"1  and  46  cm"1,  respectively.  Both  films  are  —4200  A  thick. 
Both  spectra  were  taken  at  10  K. 

cates  a  smooth  surface.17  While  in  situ  annealing  improves 
the  growth  morphology  by  smoothing  out  the  {111}  facets  on 
the  surface,17  it  does  not  alleviate  the  morphological  features 
attributed  to  Eu  precipitation. 

Figure  4(a)  shows  the  PL  spectrum  of  a  CaF2  film  with  a 
Eu  concentration  of  —  0.77  at.  %.  A  sharp  zero-phonon  line 
near  24  190  cm"1  accompanies  a  broad  vibronic  sideband 
peaking  at  about  23  500  cm"1.  This  spectrum  is  very  similar 
to  the  fluorescence  spectra  of  Eu2+  ions  in  CaF2  bulk  crystals 
reported  previously.5,8  The  zero-phonon  line  shown  in  Fig. 
4(a)  arises  from  the  electronic  transition  from  the  lowest  ly¬ 
ing  r8(4/65<f)  level  of  Eu2+  to  the  8S7/2(4/7)  ground  state. 
The  peaks  between  the  vibronic  sideband  maximum  and  the 
zero-phonon  line  are  associated  with  the  density  of  states 
maxima  of  various  optical  and  acoustic  phonons.  All  our 
samples,  grown  with  various  Eu  concentrations,  exhibit  the 
spectral  features  shown  in  Fig.  4(a).  No  emission  indicative 
of  a  5D0  — *  1F]  Eu3+  transition  was  observed  in  the  entire 
scanned  range  of  15  000-25  000  cm"1. 

Our  PL  data  demonstrate  the  predominance  of  Eu2+  ions 
in  cubic  symmetry  sites  of  CaF2  single  crystal  films  prepared 
by  MBE.  This  differs  from  previous  reports  on  the  prepara¬ 
tion  of  Eu-doped  CaF2  bulk  crystals6,9  using  the  Bridgman- 
Stockbarger  technique,  where  a  small  amount  of  Eu  mixed 
with  CaF2  in  an  excess  of  fluorine  resulted  in  predominately 
Eu3+  ions  in  cubic  or  other  lower  symmetry  sites.  Chemical 
or  irradiation  reduction  processes  are  required  to  convert  the 
Eu  ions  in  the  bulk  crystals  from  trivalent  states  to  divalent 
states.  Our  results  suggest  that  interstitial  F“  ions,  substitu¬ 
tional  O2"  ions,  or  other  charged  species  which  are  necessary 
to  compensate  the  additional  positive  charge  of  Eu3+  in 
CaF2  bulk  crystals  are  absent  in  the  MBE-grown  Eu-doped 
CaF2  films.  No  excess  F"  ions  are  available  because  our 
experiments  employ  molecular  CaF2  and  elemental  Eu 
beams  provided  by  sublimation  of  CaF2  and  Eu  sources  in  a 
low  background  pressure  environment.  In  Nd-doped  CaF2 
samples  prepared  by  MBE,1  NdF3  was  intentionally  selected 
to  provide  excess  F"  ions  to  enable  substitution  of  Nd3+  ions 
for  divalent  cations  in  the  CaF2  matrix.  These  results  imply 


that  the  valence  states  of  RE  elements  in  fluorides  can  be 
controlled  by  using  different  RE  dopant  species. 

To  illustrate  the  effect  of  in  situ  annealing  on  the  PL 
efficiency  of  Eu2+  ions  in  epitaxial  CaF2  films,  the  PL  spec¬ 
tra  of  annealed  and  as-grown  films  with  the  same  growth 
conditions  and  Eu  concentration  are  shown  in  Figs.  4(a)  and 
4(b),  respectively.  The  peak  intensity  of  the  zero-phonon  line 
remains  nearly  the  same  while  the  line  width  is  narrowed  by 
~20%  and  the  integral  intensity  of  the  vibronic  sideband  is 
reduced  by  —  13%  upon  annealing.  It  is  evident  that  in  situ 
annealing,  which  significandy  improves  the  growth  morphol¬ 
ogy,  causes  only  minor  changes  in  the  PL  efficiency  of 
Eu2+.  The  insensitivity  of  the  optical  activity  of  Eu2+  to  in 
situ  annealing  at  temperatures  as  high  as  1100  °C  suggests 
that  most  of  the  Eu  ions  entering  the  CaF2  matrix  are  already 
located  substitutionally  in  divalent  cation  sites  during  growth 
at  580  °C.  The  reduced  broadening  of  the  zero-phonon  line 
may  result  from  embedded  Eu  ions  moving  closer  to  their 
equivalent  positions  upon  annealing. 

In  summary,  the  growth  of  Eu-doped  CaF2  thin  films  on 
Si(100)  has  been  realized  by  MBE  using  an  elemental  Eu 
source  and  a  substrate  temperature  of  580  °C.  Good  surface 
morphology  is  observed  in  samples  with  Eu  concentration  as 
high  as  4.05  at.  %.  Photoluminescence  spectra  from  these 
samples  show  strong  blue  emissions  attributed  to  Eu2+  ions 
in  cubic  sites.  In  situ  annealing  at  —1100  °C  reduces  the 
inhomogeneous  broadening  of  the  zero-phonon  line  and  sig¬ 
nificantly  improves  the  growth  morphology  without  dramati¬ 
cally  changing  the  PL  efficiency  of  Eu2+  ions. 

We  thank  Joel  Young  for  technical  support  with  the 
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